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SUMMARY 
Solar desalination, although investigated for several decades and its potential is never 
doubted, has only recently emerged as a promising renewable energy-powered technology for 
producing fresh water. In order to ensure a sustainable supply and to be competitive in the 
water technology market, solar desalination technology has gone through innovative changes. 
The integration of solar desalination and heat pump presents an impressive method of solar 
desalination. From an energy point of view, the solar assisted heat pump provides a high 
overall efficiency as it makes use of both solar and ambient energy. The objectives of this 
project include design, construction and performance evaluation of a solar assisted heat-pump 
system for desalination. After the experiment setup was built up, a series of experiments were 
conducted under the meteorological conditions of Singapore to evaluate the system 
performance under different applications and operating conditions 
Located at the equator (1
o21’N; 103o55’E), Singapore has abundant solar radiation and high 
ambient temperature throughout the year. Singapore’s meteorological data indicate favorable 
conditions for the efficient operation of solar energy systems. In this regard, an integrated 
solar heat pump desalination system is designed, built and analyzed at the Department of 
Mechanical Engineering, National University of Singapore, NUS. In order to utilize 
maximum energy available from the system, it is integrated with water heater, dryer and room 
air-con system. The system collects energy from solar, ambient and waste heat from air con 
and uses this energy for desalination, water heating and drying. The renewable energy is 
harnessed by three different types of collectors, 1) Solar Evaporator Collector (SEC), which 
captures energy from solar radiation and ambient air, 2) Liquid Solar Collector for pre-
heating water for Desalination, 3) Photovoltaic system for the conversion of solar irradiation 
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to electricity for running pump and blower. The maximum Coefficient of Performance (COP) 
of the heat pump system was found to be 5.8. 
Desalination is carried out in MED (Multi Effect Distillation) technique. The heating part was 
incorporated with the condenser side of the heat pump and the cooling part was connected in 
parallel to the evaporator unit of the heat pump. In the integrated system the maximum 
desalination production rate was found 9.6 kg/hr and the maximum PR, 1.2. With only 
desalination, the system has the maximum potential to produce water at 30 kg/hr. 
The solar evaporator-collector (SEC) used  in the project , was an unglazed flat plate collector 
with refrigerant R134a passing through it. As the operating temperature of SEC was low, it 
utilized both solar irradiation and ambient energy. Thus it is not suitable for the evaluation of 
performance of SEC by conventional efficiency equation where ambient energy and 
condensation is not considered as energy input in addition to irradiation. In this paper an 
efficiency equation for SEC is developed and maximum efficiency attained 98% under the 
meteorological conditions of Singapore. 
The influence of pressure drop effect along the SEC tube on the changes of thermophysical 
properties of refrigerant has been considered. In total pressure drop calculations, not only 
friction, momentum, gravitation pressure drop but also pressure drop at bends, which are 180
ᵒ
 
bends, are also considered.  The averaged predicted and experimental total pressure drops 
were found to vary within 7.5%.          
For photovoltaic unit, three major types of photovoltaic cell have been installed in this 
project. These are the mono crystalline, poly crystalline, and tandem cells. These cells are 
connected in grid-tie invertors to run a blower or pump in a heat pump system. It was found 
that average efficiency of mono crystalline cell, poly crystalline cell and tandem cell are 
10.4%, 9.5% and 8.8%, respectively. Even though tandem cell has the lowest average 
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efficiency, tandem cell has the highest Solar Fraction (SF) compared to mono and poly 
crystalline cell. 
Mathematical equations were developed for each component of the system, and a simulation 
program was then written. Comparison of the simulation and experimental results showed 
good agreement. To further analyze the behavior of the system, a parametric study was 
conducted. From the parametric study, it is recommended that for stand-alone Solar Assisted 
Heat Pump system, the water condenser can provide the feed water heating for the saline 
water. The study showed that solar energy is a very promising source of energy to be applied 
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NOMENCLATURE 
Abbreviation   Description        Unit 
Ac   Area of collector    m
2
 
c   Clearance volumetric ratio   Dimensionless 
COP   Coefficient of Performance   Dimensionless 
Cb   Bond conductance    W/m.K 
Cp   Specific heat capacity    kJ/K 
D   Bore of compressor    m 
Di   Inner diameter of tube    m 
F   Fin efficiency     Dimensionless 
F’   Collector efficiency factor   Dimensionless 
FR    Collector heat removal factor   Dimensionless 
h   Specific enthalpy    kJ/kg 
hfg    Specific latent heat    kJ/kg 
hfi   Internal heat transfer coefficient  W/m
2
K 
hc   Convective heat transfer coefficient  W/m
2
K 
I   Solar radiation    W/m
2 
k   Thermal conductivity    W/m.K 
L   Stroke of compressor    m 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page xx 
 
     Mass flow rate    kg/s 
N   Rotational speed of compressor  rpm 
NTU   Number of transfer unit   Dimensionless 
n   Polytropic index of compressor  Dimensionless 
P   Pressure     Pa 
Qu   Useful Energy gain/rejected   W 
t   Time      s 
T   Temperature     K 
Tpm   Mean plate temperature   K 
U   Overall heat transfer coefficient  W/m
2
K 
UL   Overall heat loss transfer coefficient  W/m
2
K 
V   Volume     m
3
 
Vd   Volumetric displacement per cylinder m
3
/s 
Wc   Compressor work    W 
x   Vapor quality     Dimensionless 
FC                               Fuel price        S$/MJ 
MC                              Maintenance cost      S$ 
OC                              Operation cost       S$ 
RFC                            Capital recovery factor     Dimensionless 
sC                              Collector investment cost    S$ 
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e                                 Fuel escalation rate    Dimensionless 
i                                 Discount rate     Dimensionless 
n                                System life cycle      years 
SQ                           Solar energy input       MJ 
 
Greek Letters 
   Solar absorptance    Dimensionless 
    Transmitance-absorptance    Dimensionless 
   Stefan-Boltzman constant   W/m2k4 
   Absorber’s surface emmitance  Dimensionless 
   Efficiency     Dimensionless 
   Density     kg/m3 
   Specific volume    m3/kg 
   Humidity ratio of air    kg/kg 
Subscript 
a   Air 
c   Collector  
i   Inlet 
o   Outlet 
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r   Refrigerant 
v   Vapor 





A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 1 
 
CHAPTER 1   INTRODUCTION 
1.1 Background 
Water is essential to the survival of all living beings; yet, it is estimated that only around 
0.77% of all the earth’s water is renewable freshwater [1]. Water shortages affect many 
developing countries, mainly in Asia, which has more than half of the world’s population. 
Also, due to the increase in domestic, agriculture and industrial demands, water consumption 
is estimated to double every 20 years, about twice the rate of population growth [2].  
With scarcity in freshwater resources, mankind has tapped into other sources, such as, 
seawater and brackish water. Through the process of desalination, situations of water 
shortages have been alleviated in many countries. Unfortunately, as desalination technologies 
get cheaper and more efficient, energy costs are rising with dwindling oil supplies. As 
desalination processes are energy-intensive, the costs of desalinated water hinge on the cost 
of fuel, which has been rising steadily over the years. 
Hence, the search for Renewable Energy Sources (RES), as a means to reduce the reliance on 
traditional non-renewable energy sources like fossil fuels for desalination processes, and 
attempt to decrease desalinating operating costs continues. The use of fossil fuels also brings 
about environmental problems, not being limited to global warming but also air pollution, 
ozone depletion, acid precipitation etc [3].   
In view of the growing global energy needs and concern for environmental degradation, the 
possibility of running thermal system using the energy from the sun has received 
considerable attention in recent years. Solar energy is clean and most inexhaustible of all 
known energy sources. The low temperature thermal requirement of a heat pump makes it an 
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excellent match for the use of solar energy. The combination of solar energy and heat pump 
system can bring about various thermal applications for domestic and industrial use, such as 
water heating, desalination, solar drying, space cooling, space heating and refrigeration. 
Unlike thermosyphon solar water heaters, solar heat pump systems offer opportunity to 
upgrade low-grade energy resources from the surroundings as well as solar energy and make 
use of it for domestic and industrial applications [4]. 
The concept of Direct expansion Solar-Assisted Heat Pump (DX-SAHP) was first proposed 
in an experimental study by Sporn and Ambrose[5]. Based on these studies, Chaturvedi et 
al.[6] performed an investigation on the steady state thermal performance of a direct 
expansion solar-assisted heat pump and indicated that this system offers significant advantage 
in terms of superior thermal performance.  
A conventional vapor compression air conditioning system collects the heat from a heat 
source (air-con room) and discharges it to the atmosphere. This dissipated heat is not only a 
waste of energy, but also causes severe pollution, Global Warming. Thus, a heat pump can be 
a great asset for thermal applications which utilizes solar, ambient and waste heat. And 
matching the solar heat pump to desalination can resolve two major problems: energy crisis 
and water shortage. 
In this study, an attempt has been made to recover the condenser heat and utilize it in 
desalination, water heating and drying with renewable heat sources: solar energy, ambient 
energy and waste heat by developing a solar-assisted assisted heat-pump system. 
Additionally, in the condenser section water heating and drying are incorporated to analyze 
the performance of an integrated heat pump system. Again for the integrated system, it 
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requires electricity to run components. To maximize solar energy usage grid connected 
photovoltaic systems were included in the system. 
Hence, an integrated solar heat pump desalination system was built on the rooftop of building 
Block EA in Engineering Faculty, NUS (National University of Singapore). In the present 
study, three evaporators, are connected in parallel, can increase the system cooling and 
heating Coefficient of Performance (COP) significantly. One of the evaporators performs as a 
solar collector which absorbs heat from solar radiation and ambient; the second evaporator 
performs as an air conditioner and absorbs heat from a room, which means space cooling and 
the last one provides the cooling in MED system for desalination. The energy from these 
three heat sources, plus the energy given by the compressor, is used for desalination, water 
heating and air heating and thus drying. Hence, the solar assisted heat pump system can 
perform as a desalination unit, water heater, clothes dryer and air conditioner. For the solar-
electric energy, there are three main silicon-based photovoltaic solar cells, namely: mono 
crystalline, poly crystalline and tandem cells. All three types have been installed along with 
solar assisted heat pump system.  
The solar evaporator-collector is an essential component in a SAHP, because it is the only 
component which can absorb solar radiation in the whole system. In the conventional solar 
heating system, the solar collector is glazed to reduce heat losses to the ambient. The 
complex structure of the glazed solar collector makes the whole solar system to be more 
expensive. [5] 
Bare two-phase collector without any insulation was first used in a heat pump system by 
Franklin et al.[7]. Hawlader et al.[4] performed analytical and experimental studies on a solar 
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assisted heat pump using unglazed, flat plate solar collectors. Chaturvedi et al.[8, 9] found a 
variation of the evaporator temperature from 0°C to 10°C above the ambient temperature 
under favorable solar conditions. Many researchers [10-12] reported that, for the ambient 
temperature of above 25°C, the evaporator could be operated at an elevated temperature. 
Thus the collector operating temperature in a solar-assisted heat pump system can be lower 
than the ambient temperature. In this case, an un-glazed solar evaporator collector is used. 
The simple structure of the un-glazed solar collector makes it economical. However, its 
performance is highly dependent upon the environment, because its surface is exposed 
directly to the ambient. To improve the performance of un-glazed solar collector, a good 
understanding of the influence of environment on collector is required.  
The solar collector efficiency is a property of the solar collector which is used to determine 
the effectiveness of the collector in absorbing solar energy for useful purposes. The collector 
efficiency is dependent on factors such as the time of the day, the design and orientation of 
the collector, and the temperature of the working fluid. The working fluid in a liquid or air 
solar collector is typically at a higher temperature than the ambient air. This results in an 
ambient heat loss consisting of a convective component and a radiation component. However, 
in the case of an evaporator collector used in a Direct expansion-Solar Assisted Heat Pump        
(DX-SAHP) system, temperatures of the working fluid and the absorber plate are always 
below the ambient temperature. Thus, there is no ambient loss component; instead, low 
temperature of evaporator collector results in an ambient heat gain creating a secondary 
source of energy. The ambient gain may be in the form of convection, condensation and 
radiation. 
Thus, there is a need to develop an equation for solar evaporator-collector which incorporates 
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solar and ambient energy in the efficiency equation. 
1.2 Objectives 
The objectives of the present work are as follows: 
1.  To design and construct a solar assisted heat-pump system for desalination.  
2.  To conduct a series of experiments under the meteorological conditions of Singapore   to 
evaluate the system performance. 
3.   To study and comparative performance analysis of three different types of photovoltaic 
systems, mono crystalline cells, poly crystalline cell and tandem cell. 
4.  To develop an appropriate solar efficiency equation for evaluating the performance of 
solar evaporator collector. 
5.   To develop a transient mathematical model for the simulation of the integrated solar heat 
pump system and validated by the experimental data. 
1.3 Scope 
A detailed background of the research intended and the objectives is given in Chapter 1. 
Chapter 2 contains an extensive literature review on Desalination technologies, along with 
research-articles dealing with Solar Assisted Heat Pump (SAHP) systems for multiple 
applications. This chapter also provides the review on different type of Photovoltaic 
Collectors. Description of experiment and experimental procedure are included in Chapter 3. 
The mathematical model developed for simulating the SAHP for multiple applications is 
described in Chapter 4. The experiments are carried out under the metrological conditions of 
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Singapore. The results and discussion are included in Chapter 5. A parametric study of the 
system using simulation model has been made as well. Lastly, conclusions from the present 
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CHAPTER 2   LITERATURE REVIEW 
A significant amount of research has been done on desalination methods and also on the use 
of Renewable Energy Sources (RES) as a source of power. This chapter focuses on the 
methods of desalination, in particular those closely associated with the use of desalination, 
solar assisted heat pump and solar collectors. 
2.1 Desalination 
Desalination is the process whereby potable water is recovered from a salt solution, such as 
seawater or brackish water. The desalination process has been known since ancient times, but 
perhaps the earliest known seawater desalination process took place in AD 200, where Greek 
sailors, in their long distance trips would boil seawater in a brass vessel and suspend large 
sponges on top of it to absorb the vapors. The water extracted from the sponge was found to 
be potable [13]. 
The theoretical minimum energy for desalination of seawater is less than 3 kJ/kg [14]. 
Seawater typically has  a salinity of 35,000 parts per million (ppm) of total dissolved solids 
(TDS), and the safe limit for drinking water set by the World Health Organization (WHO) is 
500 ppm.  
2.1.1 Desalination Process 
Currently there are many methods of desalination, but all these methods require a pre-
treatment of raw seawater to avoid scaling, foaming, corrosion, biological growth, and 
fouling. Shown in Figure 2.1, Khan [15] divided the process into several categories, viewed 
from water’s change of phase, utilization of energy, and separation of salt and water in the 
solution.  
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Figure 2.1 Various Types of Desalting Processes [15] 
According to IDA’s 1998 Worldwide Desalting Plants Inventory, the total capacity of 
desalting plants in the world is 22.7 million m
3
/d. Desalting systems are now used in over 100 
countries. Almost half of this desalting capacity is used to desalt seawater in the Middle East 
and North Africa [16]. The report indicates the market share of various desalting processes. 
From Figure 2.2, the MSF, MED and RO processes make up about 90% of the total capacity. 
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Figure 2.2 Installed Desalination capacity by Process [16] 
2.1.2 Thermal desalting processes  
In the thermal desalting process, the seawater is heated producing water vapor that is in turn 
condensed to form fresh water. The overall scheme of a thermal desalting process, as 
described by Malek et al.[17] is shown in the figure below: 
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Two most popular thermal desalting processes are: 
 Multistage flash distillation process (MSF).  
 Multi-effect distillation (MED). 
2.1.3 Multistage flash distillation (MSF) 
Semiat [18] described the MSF process where the pressurized sea water flows through closed 
pipes exchanging heat with vapor condensing in the upper sections of the flash chambers. 
Water is then heated to top brine temperature (maximum temperature), using burnt fuel or 
external steam, and this allows flashing as it enters the lower part of the chambers which is 
maintained under reduced pressure conditions. Vapor generated is allowed to flow through a 
mist eliminator to meet the condensing tubes, where heat is transferred to the cooling feed 
seawater. The condensate drips into collectors and is pumped out as the plant product. 
Exhaust brine, concentrated in salt, is pumped out and rejected to the sea. Part of the brine is 
re-circulated with the feed in order to increase water recovery.  
The important controlling parameters of MSF are: 
 Temperature drops in each stage. 
 Total flash range (difference between the Top Brine Temperature (TBT) and the brine 
reject temperature). 
 Stage heat transfer coefficient. 
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         Figure 2.4 Schematic presentation of a Multi-Stage Flash desalination plant [18]. 
2.1.4 Multi-effect distillation (MED) 
In a review paper Semiat [18] described MED, which is considered to be one of the most 
promising evaporation techniques available today. The process has been used for seawater 
desalination for the last 25 years. Similar to MSF, in each effect some brine is flashed. 
However, in MED system, condensation of the flashed vapor is carried out in the subsequent 
effect where its latent heat is used to heat the brine and cause flashing in that chamber. The 
pressure of each effect is gradually lowered. The difference between MED and MSF is that 
MED uses latent heat to produce secondary latent heat in each effect; whereas MSF turns 
sensible heat into latent heat of evaporation in each stage. 
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Figure 2.5 Schematic presentation of a Multi-effect distillation (MED) plant [18] 
Basically, in MED low-temperature, low-pressure steam can be used as the main energy 
source. In the method, two or more effects are employed for the production of water. Each 
effect operates at a successively lower temperature and pressure. The first (highest 
temperature) effect is heated by low-pressure steam. Vapor is generated from feed water in 
the first effect through evaporation and flashing.  The vapor is directed to the second (low 
temperature) effect. So, vapor from one effect is used as heat input to the next effect for 
heating and evaporating the brine. Vapor produced in the first effect pass through demisters 
before going to the second effect tube bundle. Some of the vapor produced in each effect is 
sent to the associated pre-heater, where they heat incoming feed water and are condensed. 
The remaining vapor passes to the next effect. MED usually operates either in horizontal or 
vertical modes where steam condenses on one side of the heat transfer surface while seawater 
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2.1.5 Reverse Osmosis (RO) 
Brackish water desalination was the first successful application of reverse osmosis as 
reported by Mulder [19] and the first large-scale plants appeared in the late 1960s. In the next 
decade, new RO membranes with considerably higher permeability appeared, which made 
RO suitable for seawater desalination. In the 1980s, RO became competitive with the 
classical distillation techniques. Reverse osmosis is a membrane separation process in which 
the seawater permeates through a membrane by applying a pressure larger than the osmotic 
pressure of the seawater (Figure. 2.6). The membrane is permeable for water, but not for the 
dissolved salts. In this way, a separation between a pure water fraction (the permeate) and a 
concentrated brine (the retentive or concentrate) is obtained. Pressures needed for the 
separation were as high as 120 bars in the early days of RO, but are most recently usually in 
the range of 60 bars for seawater, 20 bars for brackish water.  
Figure 2.6 Schematic of a RO plant layout [19] 
Most RO membranes are polymeric thin-film composite membranes, consisting of a very thin 
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transport [19]. The membranes are usually configured in spiral-wound modules, where the 
seawater flows between two flat membrane sheets wrapped around a central tube. An 
alternative is the hollow fiber membranes, where membrane tubes of approximately 0.5 mm 
diameter are used. Energy consumption in RO is low compared to distillation processes, 
although pumping costs are still considerable. The permeate quality is very good, with total 
dissolved solid concentrations between 100 and 500 ppm. The disadvantage of RO is the 
sensitivity of RO membranes to fouling e.g. by suspended solids, and to damage by oxidized 
compounds such as chlorine or chlorine oxides. Pre-treatment is usually needed to ensure a 
stable performance of the module; optimization of the pre-treatment is one of the most critical 
aspects of RO (Hawlader et al., [20]). Scaling (due to e.g. CaCO3, CaSO4, and BaSO4) is 
another possible problem, which depends on the recovery ratio of permeate production and 
feed. At the usual recovery rate of 40%, scaling can be effectively prevented by adding anti-
scalants to the water; increasing the recovery that has a negative impact on membrane 
scaling. 
2.1.6 Vapor Compression (VC) 
The vapor compression cycle has a similar mechanism to that of MED except that in its 
continuous operation, steam required for seawater boiling in the evaporators is obtained by 
compressing salt-free vapor produced in the previous effect. This allows reuse of the vapor 
for supplying heat for the evaporating process. Compression can be done using a mechanical 
compressor or by mixing small amounts of high pressure steam (thermal compression). A 
schematic diagram of VC desalination plant is shown in Figure 2.7.      
VC desalination requires only about a fifth of the specific energy input of MED plants [21]. 
The ability to operate at lower temperatures reduces the corrosion attack and places less 
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stringent requirement on the plant design, lowering the initial cost. The use of electric energy 
in the compressor makes the method flexible for combination with other desalination 
techniques to form a hybrid system and achieve optimization of energy consumption.  
 
Figure 2.7 Schematic diagram of Vapor Compression desalination plant [21] 
2.1.7 Solar stills 
Solar distillation has been practiced for a long time. The earliest documented work is that of 
an Arab alchemist in 15
th
 century [22]. Figure 2.8 is a typical layout of solar distillation setup. 
 
 Figure2.8 Solar distillation setup [22] 
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Seawater is enclosed in a V-shape glass roof. As sunlight passes through, it is absorb by the 
blackened bottom of the basin. Seawater is heated and evaporation occurs. The vapor is 
collected on the underside of the V-shape roof. The solar still is acting as a heat trap because 
sunlight is transparent to the roof but is opaque to the infrared radiation emitted by the 
seawater when it heats up. This method requires a relatively small initial investment and is 
suitable for small scale purposes. However, there are very few solar distillation plants 
operating today because it is space consuming and the production of freshwater is limited.  
2.1.8 Other desalination processes  
The conversion of saline water to fresh water by freezing has always existed in nature and has 
been known to man for thousands of years. In desalination of water by freezing, fresh water is 
removed, leaving behind concentrated brine. It is a separation process related to the solid-
liquid phase change phenomenon. When the temperature of saline water is reduced to its 
freezing point, which is a function of salinity, ice crystals of pure water are formed within the 
salt solution. These ice crystals can be mechanically separated from the concentrated 
solution, washed and melted to obtain pure water.  
Humidification/dehumidification process is based on the fact that air can be mixed with large 
quantities of water vapor. Additionally, the vapor carrying capability of air increases with 
temperature. In this process, seawater is added into an air stream to increase its humidity. 
Then this humid air is directed to a cool coil on the surface of which water vapor contained in 
the air is condensed and collected as fresh water.  
These two processes require refrigeration. However, they exhibit some technical problems 
which limit their industrial development.  
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2.1.9 Comparisons of Different Desalination Processes 
In the MSF technique, latent heat of vapor is used in pre-heater for heating the incoming 
seawater feed. However, in MED the latent heat of vapor is used for evaporation system. The 
efficiency of production that may be obtained from a unit feed water is essentially higher than 
that in the case of MSF distillation.  
Semiat [18] elaborated the MED process that operates usually on horizontal or vertical modes 
where steam condenses on one side of the heat transfer surface while seawater evaporates on 
the other. Usually, 8 to 16 stages are common in such operations which allows good 
performance ratio (kg/2326 kJ). The ratio in MED can be as high as 15 while the 
corresponding ratio for MSF unit is limited to 10. The MED specific power consumption is 
below 1.9 kWh/m
3
 of distillate, much lower than 4-6 kWh/m
3
 for MSF. The multi-effect 
design has the advantage of permitting changes in water output to respond to a varying 
demand simply by varying the steam flow rate, the maximum temperature, or both. Water 
production may be varied from 20% to 120% of the design rate, a range not attainable with 
the MSF design. 
Kronenberg [23] and Kronenberg et al.[24] highlighted the following advantages of MED 
over MSF : 
a) The Performance Ratio of MED is higher than that of the MSF, i.e. it can produce 
more water per kg. of steam used. 
b) Higher heat transfer co-efficient can be obtained. 
c) It can run on low temperature below 70oC, so that it can be easily   integrated to waste 
heat recovery boilers of power plants. 
The ability of a Low Temperature (LT) plant to make effective use of low-cost, low-grade 
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heat or even zero-cost waste heat, reduces the motive steam required to a minimum 
(Kronenberg, [23]), and with the flexibility of a LT-MED plant, specific power consumption 
is not changed markedly when operating on partial load (Fisher [25]). Al-Shammiri and Safar 
[26] also reported that low temperature operation can avoid scaling and corrosion that might 
cause a serious problem in a High temperature Multi Effect (HT-ME) plant. Top Brine 
temperature (TBT) is limited to about 75 °C with anti-scalant treatment. The major features 
of the MED process are low primary energy consumption, low heat transfer area and high 
gain ratio. As a result, Al-Shammiri and Safar [26], Kamal [27] presented MED as a potential 
competitor with the market dominating MSF technology. However, MSF is still an important 
process for seawater desalination, although there is a recent move towards MED and RO.  
 
 Table 2.1 Comparison Summary of Desalination Processes 
Process MSF MED VC RO 
Performance ratio 
(kg/2326 kJ) 















90 - 120 70 – 115 70 – 100 25 - 40 
  
Source: Malek et al. [22] 
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2.1.10 Cost of Desalination Process 
The cost of desalinated water is a function of a number of design and operational variables, 
such as salinity of feed water, plant capacity and energy cost. Ettouney et al.[28] have 
provided a procedure for calculating the unit product cost for various desalination processes 
and did an evaluation using several case studies. They found that RO is the best choice for 
desalination of low salinity water, while the optimum choice for higher salinity water 
depends on the required capacity, with MSF being most ideal for capacities above 25,000 
m
3
/d. Ettouney et al.[28] also provides a comparison on unit product costs for conventional 
desalination processes MVC, RO, MSF and MED. 
Figures 2.9 and 2.10 show the cost breakdown of desalination of seawater for RO and MED, 
where figures for the MED were taken from the design of a 75mgd plant for Southern 
California. Both charts show that capital investment and energy expenses account for the bulk 
of the costs in desalination. However, with improvements in desalination technology, the cost 







Figure 2.9: Cost breakdown for RO desalination [30, 31] 
 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 20 
 
 
Figure 2.10: Cost breakdown for MED desalination [30-32] 
 
Figure 2.11 shows the quantitative relationship between the minimum and the optimum 
energy requirements of desalination systems. Systems that are built to operate with near 
perfect energy efficiency will incur high capital costs although energy costs will be at near 
minimum.  
On the other hand, plants that use low energy efficiency will cost less but have higher energy 
consumption. Hence, there is a trade-off between capital and energy costs that will enable an 
optimum plant design with the lowest unit cost of freshwater [30]. 
The desalination market is expected to generate expenditures of US$77 billion from 2005-
2015, mostly concentrated in the Middle East [29]. Installed capacity of desalination systems 
in 2000 was estimated to be 25 million m
3
/d , and the approximate energy consumption to 
produce this amount is 230 million tons of oil [32]. 
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Figure 2.11: Optimum plant design [30,32] 
2.1.11 Renewable Energy for Desalination Process 
Given the difficulties in securing conventional fuel supplies in terms of sustainability, costs 
and concerns over environmental pollution, renewable energy sources (RES) can be used to 
drive the desalination processes. This is especially important in water scarce remote regions 
that are not connected to the main power grid but are able to utilize RES. Due to high capital 
and maintenance costs required by renewable energy currently, the total worldwide 
desalination systems using RES amount to capacities less than 1% of those using 
conventional fossil fuels [33]. The most popular desalination process to couple with RES is 




Figure 2.12 Desalination processes used in conjunction with renewable energy [34] 
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Figure 2.13: Energy sources for desalination [34] 
Popular choices for RES desalination combinations are  
- solar thermal with MED or MSF 
- PV with RO or ED 
- Wind energy with RO or MVC 
- Geothermal with MED 
One major disadvantage of such systems is the problem of unpredictable and non-steady 
power input, which may cause the plant to operate in non-optimal conditions and result in 
operational faults [34,35], although there are possibilities of using energy storage systems 
[35]. 
2.2 Solar Assisted Heat Pump(SAHP) Systems 
The heat pump is a useful device in transforming low-grade heat into a usable energy source. 
Heat pumps can use many sources to provide energy to heat the working fluid, such as, 
ground [36], but the most promising is solar energy [37]. 
 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 23 
 
A number of investigations have been performed on solar assisted heat pump system [4, 38-
44] for evaluating the system performance and technical feasibility of the system for various 
applications. Morgan [38] investigated a direct expansion solar assisted heat pump using R-
11. The heat pump was specially designed for use in a tropical climate, where the normal 
ambient temperature of the day above 25
0





C, depending to the solar input. His result demonstrates the 
feasibility of utilizing the system to heat water up to 90
0
C with a COP varying from 2.5 to 
3.5.  Krakow et al.  [39] investigated a direct expansion solar assisted heat pump system 
using collector plates fitted with fins for space heating. They asserted that solar source heat 
pump systems with glazed solar collector are preferable to systems with unglazed solar 
collectors for cold climates. They also reported that systems with unglazed solar collectors 
might be advantageous for warm climates.  
Hino [41] developed a direct expansion solar assisted heat pump for heating and cooling. The 
outdoor panel operated as an air source evaporator as well as the solar collector in the heating 
mode, and operated as a condenser and dissipated heat to make ice in the cooling mode. The 
outdoor panel was made of extruded aluminum and fins were connected at the back of panel 
for collection of heat both on sunny days and cloudy days. The heat storage coil unit was 
used to make hot water in winter and ice in summer. Tleimat and Howe [42] developed a 
solar-assisted heat pump system for heating and cooling of residences. The proposed system 
made use of a conventional air-conditioner unit which could be modified by fitting control 
system to change from cooling mode to heating mode by reversing the flow of refrigerant and 
by changing the outdoor heat exchanger from refrigerant-to–air to refrigerant-to-water. In 
addition, it included a solar collector and two insulated water storage tanks. It was concluded 
that the solar–assisted heat-pump system with current fuel prices can provide immediate 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 24 
 
economic benefit over the all-electric home. Collector efficiency, heat pump COP, system  
COP, and storage efficiency were found 70%, 4.5, 4 and 60%, respectively, for space heating 
presented by Omer  et al.[43].  Hawlader et al. [4] performed analytical and experimental 
studies on a solar assisted heat pump water heating system, where unglazed flat plate solar 
collectors acted as an evaporator for the R-134a. They showed that the system is influenced 
significantly by collector area, speed of compressor, solar irradiation and storage volume.  
2.2.1 SAHP for water heating 
The most frequent thermal use of solar energy has been for water heating. Heat pumps are 
becoming more popular, since they are more energy efficient and have better performance 
than heating by conventional methods, such as, fossil fuel burning or electricity. Water 
heating using solar energy has been studied by many researchers. Kuang et al. [45] 
experimentally investigated a solar heating system with a water source heat pump. From their 
experimental study, it is concluded that the thermal storage tank is an important component in 
solar heating systems, which can modulate the mismatch between solar radiation and the 
heating load. Huang et al. [46] examined the long-term performance of a solar assisted heat 
pump water heater. The average energy consumption of the solar assisted heat pump water 
heater is 0.019 kWh/liter of hot water at 57 
0
C, that is much less than the electric energy 
consumption of the conventional solar water heater and the pure electric heater. A simulation 
model has been developed by Hawlader et al. [4] to study the thermal performance of a solar 
assisted heat pump water heating system. In their work, the value of COP as high as about 9 
and average collector efficiency of 75% were obtained. 
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2.2.2 SAHP for drying 
Drying is widely used in industries such as agriculture, food, chemical, paper, timber, textile 
and pharmaceuticals. It is an energy intensive process that easily accounts for up to 15% of 
all industrial energy usage, often with relatively low thermal efficiency in the range of 20-
25% [49]. The heat pump assisted dryer has been extensively used by industry for many 
years. Nevertheless, a limited number studies have been reported on laundry drying utilizing 
heat pump assisted dryer. Braun et al. [50] compared the energy efficiency of air heat pump 
tumbler clothes dryer fitted with a conventional air vent system. The heat pump dryer 
presented offered up to 40% improvement in energy efficiency over the electric dryer as 
against 14% projected improvement by open cycle and closed dryers using heat recovery heat 
exchangers. Manuel et al. [51] discussed current tumbler dryer technology and its 
shortcomings and an economically viable and simple solution for energy conservation in 
laundry drying was proposed. 
The heat pump assisted dryer is mainly used for drying timber and other temperature 
sensitive materials such as agriculture, confectionery and ceramics [52]. Different methods of 
drying have been reported including solar drying, heat pump drying, drying by superheated 
steam and microwave convection drying. There are numerous studies of related work in the 
literature. Sharma et al. [53] presented an experimental investigation of three different types 
of solar dryer based on the principle of natural as well as forced convection. They are cabinet-
type natural convection solar dryer, multi-stacked natural convection solar dryer and indirect-
type multi-shelf forced convection. Xiguo et al. [54] studied the performance of heat pump 
assisted dryer and showed several parameters that influenced the system performance, such 
as, the evaporator air bypass ratio, COP, SMER, air mass flow rate. Perera et al. [55] showed 
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that heat pump dryer is more energy efficient than conventional hot-air dryers and concluded 
that drying in heat pump dryer should be carried out at temperatures lower than 60
o
C and 
average relative humidity greater than 30%. 
At the National University of Singapore, Hawlader et al. [47]  developed SAHP for both 
drying and water heating. An integrated system for air-conditioning, water heating and drying 
was designed and built [56]. The various components of the system are: the evaporator-
collector, evaporator, variable speed reciprocating compressor, air-cooled and water-cooled 
condensers, drying chamber, blower and other control devices. 
2.2.3 SAHP for desalination 
Thermal desalination processes involve phase changes and requires significant amount of 
energy input. This energy is commonly obtained through the burning of fossil fuels. Thus, 
increasing the capacity of the plant would likely mean increasing the severity of 
environmental pollution. Also, the cost of water which is produced by burning of fossil fuels 
is highly susceptible to the fluctuations of fuel prices in the market. These factors have called 
for solution by utilizing renewable energy for desalination. 
Desalination by heat pump has been carried out in Mexico since 1981 by Siqueiros et al. [32]. 
The heat pumps used were initially of the mechanical vapor compression type, which were 
later replaced by absorption heat pumps. They concluded that, from a thermodynamic point 
of view, it is much more appropriate to use waste heat to operate water purification systems 
than using high grade energy such as electricity, oil, or natural gas with its associated 
environmental problems. The purification unit was designed to operate as a small scale 
mobile unit, able to provide potable water in disaster areas. Chen and Huang [57] investigated 
the application of the absorption heat pump in power stations. Power stations used seawater 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 27 
 
to condense steam from turbines. In a typical condenser, seawater temperature is increased by 
10-20 °C. To make use of this energy, a low temperature vacuum desalting installation and 
heat pumps were introduced. The heat pump used is of the absorption type, where it 
consumes less electrical energy. Further studies showed that the specific thermal energy 
consumption at desalination plants with absorption heat pumps is 2-2.5 times lower than 
other power systems [58]. 
Reali [59] proposed a desalination method called the refrigerator-heat pump desalination 
scheme (RHPDS). In this study, sea water was evaporated and condensed using a vapor 
compression heat pump. The system consists of two tanks, to contain salt and fresh water, 
connected at the top part. The tanks were evacuated, and seawater entered the salt water tank 
at atmospheric pressure. The heat pump will provide the heat to evaporate seawater, and 
cooling to condense the vapor into the fresh water tank. The system was designed to operate 
with small temperature difference, around 5°C, for the water tanks. Thus high energy 
efficiency was expected. 
Hawlader et al. [60] conducted a study on a solar assisted heat pump desalination system. The 
system consists of a solar assisted heat pump, a distillation chamber, and a solar water 
preheating unit. The heat pump used an unglazed, serpentine tube solar evaporator collector. 
Feed water is preheated through a commercial solar liquid collector, and upon entering the 
evacuated distillation chamber, undergoes thermodynamic flashing. The heat pump then 
provides further evaporation of remaining water and condensation of vapors in the upper 
section of the chamber. A performance analysis showed that the performance ratio of the 
system ranges from 0.77 to 1.15, while the coefficient of performance ranges from 5.0 to 7.0. 
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2.3 Refrigerant 
The refrigerant can be compared as lifeblood of the vapor compression cycle. It is through the 
changes of state of the refrigerant that heat is absorbed and released. 
 The basic requirement for a effective refrigerant is that it should have a high  latent heat over 
the range of required condensing and evaporating temperatures for it to combine a high 
theoretical COP with a low mass flow rate. From the study by S.Karagoz [61], he had found 
that R134a has a higher COP higher than R22, which has been gradually phased out. Also, 
from Abou-Ziyan [62] investigated, the performance characteristics of the heat pump using 
these working refrigerants, for wide ranges of evaporator temperature (0-45°C), condenser 
temperature (50-70°C) and air mass flow rates (1000-2000 kg/h). R134a gave a more than 
23% increase in the COP when compared with R404a and the comparison of the heat pump 
performance for the refrigerants R22, R134a, and R404a showed that R134a is the best 
alternative to R22 for low-temperature applications. Hence, R134a is used to provide for a 
higher COP than that of the conventional refrigerants. 
Previously, the use of Chlorofluorocarbons (CFCs) increased rapidly because of their many 
remarkable properties such as non-flammable, non-toxic, thermal and chemically stable. 
However, it is now well known that they liberate chlorine atoms, which act as catalysts in 
ozone, depleting reactions and contributing to the greenhouse effect. In view of 
environmental concerns, measures for reduction of CFCs emission to the environment have 
been taken. Long-term measures include the substitution of the actual refrigerant with 
environmentally acceptable replacements. Refrigerant R134a was thus developed to meet 
these needs. R134a was also used as a substitute refrigerant for R22 owing to the absence of 
chlorine atoms in the molecule of R134a (1,1,1,2-tetraflouroethane). This substance also 
provides tremendous chemical and thermal stability, which is significantly better than R12 as 
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reported by E.Preisegger [63]. E. Preisegger also demonstrated that there was no corrosive 
attack on metals such as ferritic steel, stainless steel, copper, brass, and aluminum by R134. 
As a consequence of the above studies and considerations, R134a is employed in the current 
system as the refrigerant. 
2.4 Solar Evaporator Collector (SEC) 
A solar evaporator collector is basically a heat exchanger that transforms solar radiant energy 
into heat or thermal energy. Improvement of performance is essential for commercial 
acceptance of their use in such applications. Many studies have been undertaken on the 
enhancement of thermal performance of solar collectors, using diverse materials of various 
shapes, dimensions and layouts. As reported in the literature, various collector designs have 
been proposed and tested with the objective of meeting these requirements [64-71]. Omer et 
al. [64] found the efficiency of a solar collector of about 70% in a solar assisted heat pump 
system. Traditional solar collectors are single phase collectors, in which the working fluid is 
either air or water. Different modifications are suggested and applied to improve the heat 
transfer between the absorber and working fluid in a collector. These modifications include 
the use of absorber with fins attached [65,66], corrugated absorber [67,68], matrix type 
absorber [69], V-groove solar air collector [70]. Karim et al. [71] approached a review of 
design and construction of three types (flat, vee-grooved, and finned) of air collectors. Two-
phase collectors, on the other hand, have significant potential for continuous operation round 
the clock, when used in conjunction with a compressor, as found in a solar assisted heat-
pump cycle.  
Huang et al. [72] studied a system in which the evaporator of the heat pump is directly used 
as a solar collector. Chaturvedi et al. [73] employed an unglazed solar collector, which also 
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acted as an evaporator of the system. Lu et al. [74] worked on R-22 as a working fluid in their 
two phase flow collector. The results of a simulation study on refrigerants R22 and R134a 
were presented by Abou-Ziyan et al. [62]. They proved that R134a is the most promising 
alternatives for low temperature applications. 
Ozgener and Hepbasli [75] have performed energy and exergy analyses on solar assisted heat 
pump (SAHP) systems. Torres-Reyes and Cervantes [76] studied both theoretically and 
experimentally a SAHP with direct expansion of the refrigerant within the solar collector and 
performed a thermodynamic optimization. The maximum exergy efficiency was determined 
by taking into account the typical parameters and performance coefficients 
Matrawy [77] found that different configurations of flat plate collectors affect the collector 
performance most significantly. Three types of configurations were tested: two parallel-plate 
collector, parallel-tube collector and a serpentine-tube collector. It was found that the 
efficiency of the two parallel-plate collector is about 6% more than the serpentine tube 
collector and about 10% more than the parallel tube collectors. Moreover, whether a collector 
is glazed or not also affects the performance. In a study carried out by  Hawlader et al. [78] , 
it was discovered that, generally, it was found that the unglazed collector performed better 
than the glazed under low temperature conditions, Performance for the both collectors was 
affected by different factors as well. With so many different types of collector to choose from, 
serpentine tube evaporator-collector with unglazed surface once selected, the performance is 
affected by the ambient temperature, relative humidity and wind speed, as seen from 
Hawlader’s [78] study. 
In SEC the refrigerant goes through the collector in two phases. In the two-phase flow 
literature, two models of calculating pressure drop are most widely used and they are known 
as Martinelli Nelson's method for separated flows and Owen's homogeneous equilibrium 
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model for misty or bubbly flow [79]. The homogeneous equilibrium model is the simplest 
method for determining the pressure drop in two-phase flow and makes the basic assumption 
that the two phases have the same velocity. Adopting an equilibrium, homogeneous, two-
phase model, mentioned above, Chaturvedi et al. [80] carried out preliminary theoretical 
performance studies concerning a solar-assisted heat pump that uses a bare collector as the 
evaporator. The analysis has the limitation of a constant temperature evaporator with no 
superheating or sub cooling.  
A thermodynamic model to analyze two-phase solar collector was developed by Chaturvedi 
et al.[81]. The equilibrium homogeneous theory was used to model the two-phase flow in 
solar collectors. O’Dell et al. [82] developed a design method for heat pumps with refrigerant 
filled solar collectors. They obtained the heat gain at condenser and the COP as a function of 
evaporation temperature. Numerical calculations of the collector efficiencies for double-
glazed two-phase flat-plate collector employing R-11 were carried out by Kishore et al. [83]. 
They firstly express the collector efficiency as a function of the saturation temperature and 
liquid level by combining their experimental data. Ramos et al.[84] also carried out 
theoretical investigation on two-phase collectors assuming laminar homogeneous flow and 
experimentally confirmed by them. Mathur et al. [85] developed a method calculating boiling 
heat transfer coefficient in two phase thermosyphon loop.  
All the above methods of analyses described assumed homogeneous flow in two-phase 
mixtures. Yilmaz [86] developed a theoretical model concerning non-homogenous for two-
phase flow thermosyphon in the collector . His results show that the homogenous model is 
not sufficient to describe the two phase flow in the collector. Variation of the properties of the 
working fluid and water with temperature are taken into account. Considering the effect of 
long-wave radiation and wind speed, a modified form of the Hottel-Whillier-Bliss solar 
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collector efficiency function for unglazed solar collector characterization was investigated by 
Morrison and Gilliaert [87]. 
Freeman et al.[88] analytically investigated the influence of collector area, number of 
glazing, main storage volume to collector area ratio, and heat pump coefficient of 
performance by using his simulation model developed in TRNSYS. The experimental study 
done by Chaturvedi et al.[81] under the metrological condition of Virginia found that removal 
of glazing or back insulation does not affect performance of two-phase flow solar collector 
significantly. Chaturvedi et al.[89] later designed a direct expansion solar assisted heat pump, 
in which a bare flat plate collector also acted as the evaporator for the refrigerant, Freon-12. 
The heat pump COPH and the solar collector efficiency ranged from 2.0 to 3.0 and from 40 to 
70 percent, respectively. Similar experimental results were obtained by Morgan et al.[90]. 
2.5 Waste Heat 
Having found in Kalogirou et. al [91] operating desalination system solely on solar energy 
was not worthwhile and that dual-purpose plants could reduce cost, waste heat from air 
conditioners offers the option in improving the performance of the system while minimizing 
cost. A great deal of useful waste energy, which can be used for other purposes, is directly 
dissipated to the environment. This dissipated heat not only wastes energy, but also causes 
severe pollution in the surrounding areas. It is observed that plentiful waste condensing heat 
from traditional air condition/ heat pump system is directly exhausted to the environment, 
especially in summer-time when the system operates on air-conditioning mode [92]. The 
waste heat from the air conditioners causes a temperature rise of 1°–2°C or more on 
weekdays in the Tokyo office areas, [93] which implies that the amount of waste heat output 
is tremendous. 
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2.6 Photovoltaic System  
The term "photovoltaic" comes from the Greek φῶς (phōs) meaning "light", and "voltaic", 
meaning electric, from the name of the Italian physicist Volta, [94] The term "photo-voltaic" 
has been in use in English since 1849.  
Photovoltaic solar electricity is the conversion of sunlight into electricity by efficient 
photovoltaic silicon solar cells. High conversion efficiency solar cells became commercially 
available in the world market in the mid 1950s mainly for space applications. A photovoltaic 
system typically consists of a solar cell array, energy storage system and control devices [95]. 
A solar cell array is made up of several photovoltaic modules, each of which encapsulates an 
assembly of solar cells which convert sunlight into electricity. Modern solar cells with 
reasonable efficiency were invented in early 1950's and have been in use to power satellites 
since 1959 [96]. They began to be used for Earth based applications in a big way in the in 
1970's mostly for remote telecommunication and navigational aids. They have been in use to 
provide power for urban applications, such as road side emergency telephones and traffic sign 
boards since mid 1980's.With price dropping steadily due to more advances in technology, 
they are now becoming affordable for urban homes and businesses [97]. 
2.6.1 Photovoltaic cell structure 
Figure 2.14 shows the photovoltaic cell structure. Basically, photovoltaic cell structure 
consists of six main parts as following: 
Part A: Encapsulate – Encapsulate made of glass or other clear material such clear plastic, 
seals the cell from the external environment. 
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Figure 2.14: Photovolatic Cell Structure [98] 
Part B: Contact Grid – The contact grid is made of a good conductor, such as a metal. Besides 
that, it serves as a collector of electrons too. 
Part C: The Antireflective Coating – Through a combination of a favourable refractive index, 
and thickness, this layer serves to guide light into the solar cell. Without this layer, much of 
the light would simply bounce off the surface.  
Part D: N-Type Silicon – N-type silicon is created by doping or contaminating the Silicon 
with compounds that contain one more valence electrons than Silicon does, such as with 
either Phosphorus or Arsenic. Since only four electrons are required to bond with the four 
adjacent silicon atoms, the fifth valence electron is available for conduction.  
Part E: P-Type Silicon – P-type silicon is created by doping with compounds containing one 
less valence electrons than Silicon does, such as with Boron. When silicon, which has four 
valence electrons, is doped with atoms that have one less valence electrons, that is three 
valence electrons, only three electrons are available for bonding with four adjacent silicon 
atoms. Thus, an incomplete bond or hole exists which can attract an electron from a nearby 
atom. Filling one hole creates another hole in a different Silicon atom. This movement of 
holes is available for conduction. 
 Part F: Back Contact – The back contact is made out of a metal and it covers the entire back 
surface of the solar cell and acts as a conductor. 
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2.6.2 Types of photovoltaic solar cell  
Materials presently used for photovoltaic include monocrystalline silicon, polycrystalline 
silicon, microcrystalline silicon, cadmium telluride, and copper indium selenide/ sulfide. 
Figure 2.15 gives an overview of these technologies available today and Figure 2.16 
illustrates some of these technologies. 
 
Figure 2.15: PV technology family tree [98] 
2.6.3 Mono crystalline photovoltaic cell 
Monocrystalline Silicon is made from very pure Monocrystalline Silicon.  Monocrystalline 
Silicon has a single and continuous crystal lattice structure with practically zero defects or 
impurities.  [99] 
One of the many reasons that Monocrystalline Silicon is superior to other types of silicon 
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cells is their high efficiency- which is typically around 15%.  Because the manufacturing 
process required producing Monocrystalline Silicon is more involved and detailed than other 
types, this results in slightly higher costs for Monocrystalline Silicon than other silicon 
technologies. Mono-crystalline cell is the most efficient, but also the most costly photovoltaic 
cell. 
2.6.4 Amorphous silicon photovoltaic cell 
Amorphous silicon is the non-crystalline allotropic form of silicon. It can be deposited in thin 
films at low temperatures onto a variety of substrates, which offers some unique capabilities 
in a variety of electronics. Amorphous cell is relatively inexpensive, but produces much less 
power [100]. 
2.6.5 Poly crystalline photovoltaic cell 
Polycrystalline Silicon - also referred to as "polysilicon" is a material consisting of multiple 
small silicon crystals and has long been used as the conducting gate material in MOSFET and 
CMOS processing technologies. The main advantage of Polycrystalline Silicon over other 
types of silicon is that the mobility can be orders of magnitude larger and the material also 
shows greater stability under electric field and light-induced stress. This allows far more 
complex, high-speed electrical circuits that can be created on the glass substrate along with 
the amorphous silicon devices, which are still needed for their low-leakage characteristics.   
A complete Polycrystalline Silicon active layer process is also used in some cases where a 
small pixel size is required, such as in projection displays. Polycrystalline cell is more 
common and less expensive, but also less efficient [99]. 
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Table 2.2: Comparison of Solar cells 
 Advantage Disadvantage 
Mono  - High efficiencies - High cost 
Amorphous  - Inexpensive - Produce much less power 
Poly  - Mobility can be orders of 
magnitude larger 
- Greater stability under 
electric field 
- Light-induced stress 
- Less expensive 
- Less Efficiency 
 
From the reviewed literature, the following is a summary of important findings: 
 The most popular thermal desalination method today is the Multi Stage Flash, with 
Multi Effect Distillation showing great potential for future development.  
 Renewable heat utilization in desalination appears to be a promising technique as 
evident from the literature. The key advantage appears from this scheme is the low 
temperature operation which reduces the scale formation substantially. Effective 
design and optimization of the key operating parameters are important for the system 
design. Renewable heat utilization for desalination has potential in both single-effect 
and multi-effect distillation. 
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 Heat pump systems showed potential to be used in desalination systems. Absorption 
and vapor compression systems have been studied, and few studied the use solar 
assisted-heat pump in desalination system. 
 Solar Assisted Heat Pump system coupling well with Water heating and drying 
application and its market is booming. Solar Assisted Heat Pump Desalination system 
also showed good result. 
 From different studies, it is evident that the Photovoltaic system has great potential. 
 
Based on the above, lots of research is carried on for the individual application of 
desalination, water heating or drying with renewable energy, but not many studies have been 
done on the multiple application solar heat pump system. Further study is needed in this field 
to determine the full potential of such integrated solar assisted-heat pump system. Therefore, 
an experimental setup has been designed and constructed to achieve this goal. Experiments 
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CHAPTER 3    EXPERIMENTS 
Singapore is located at the equator, with an abundant supply of solar radiation, relatively high 
ambient temperature and relative humidity throughout the year. The meteorological 
conditions of Singapore are favorable for efficient operation of a solar energy based system. 
An integrated system is built and located on the rooftop of Block EA of the National 
University of Singapore. Experiments on the system were conducted under Singapore’s 
meteorological conditions, while the system performance is being analyzed and evaluated for 
different operating conditions. This chapter also describes the components present in the 
system. 
 3.0 Description of the System 
The system consists of two parts, an integrated solar-assisted heat pump desalination system, 
and a Photovoltaic part, which provide electricity to the unit. The system’s schematic diagram 
is illustrated by Figure 3.1. 
 
 
In the next portion of the chapter the following systems will be discussed in detail 
a) the Solar Assisted Heat Pump (SAHP)system and  
b) the Photovoltaic system 
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3.1 Solar Assisted Heat Pump (SAHP) system 
The system works on the heat pump principle, functioning as a device to extract heat energy 
from a low temperature source to a high temperature sink. The cycle includes four distinct 
processes: 
1-2 Compression of refrigerant in a compressor 
2-3  Constant-pressure heat rejection in a condenser 
3-4 Throttling in an expansion device  
4-1 Constant-pressure heat absorption in an evaporator 
                         
Figure 3.2 p-h and schematic diagram of vapor compression refrigeration cycle 
 
In Figure 3.2, the p-h diagram and schematic diagrams of an ideal vapor compression 
refrigeration cycle are shown. In an ideal cycle, refrigerant will enter compressor as saturated 
or slightly superheated vapor (1) at a lower pressure of the overall cycle. At the compressor, 
due to energy input, pressure is raised to higher level and the refrigerant becomes superheated 
(2). Subsequently, the refrigerant passes through the condenser, where it rejects heat and 
ideally becomes saturated or slightly sub cooled liquid at (3). The refrigerant is then throttled 
in an expansion valve to an evaporator maintained at a lower pressure of the cycle (4). In the 
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evaporator, the low quality two phases mixture of refrigerant absorbs heat from surroundings 
before it enters into the compressor and the cycle is repeated.                          
                 Figure 3.3 Block diagram of SAHP system for multiple applications 
In the system, desalination is achieved by the MED (Multi-Effect Distillation) technique, 
which requires a heating unit for producing steam and a cooling unit for regenerating water. 
Therefore, in the integrated heat pump, desalination heating unit is in the condenser side of 
the heat pump and the desalination cooling unit is in the evaporator side, as in Figure 3.3. In 
the evaporator side, the three evaporators Solar Collector, Room air-con and Desalination 
cooling unit all are in parallel, each having individual expansion valve. At the condenser side, 
the desalination heating unit and water condenser are in parallel and then they are connected 
in series with Air condenser. The job of the air condenser is to ensure complete condensation.  
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3.1.2 Refrigerant flow of integrated SAHP 
 
Figure 3.4 : Refrigerant flow path 
 
The SAHP consists of a hermetic type reciprocating compressor, following evaporator 
components; evaporator-collector, room evaporator, cooling coil in upper portion of 
desalination chamber, following condenser components; condensing coil in lower portion of 
desalination chamber, water-cooled condenser, air-cooled condenser, and lastly expansion 
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valves as in Fig 3.4. The evaporator components are connected in parallel to each other, while 
the condenser components are connected in series, with by-pass system.  
In the compressor, saturated refrigerant vapor at a lower pressure enters the inlet and is 
compressed to high pressure and superheated vapor. The superheated vapor first enters the 
condenser coil in the desalination chamber, where it releases sensible and latent heat, which 
evaporates water in the desalination chamber. Subsequently, to ensure total condensation of 
refrigerant, the refrigerant flows through a coil immersed in water of the condenser tank and 
then passes through the air-cooled condenser. 
 Latent heat released from the condensation of refrigerant vapor is recovered by water and air 
in the water-cooled condenser and air-cooled condenser respectively. In this system, the 
recovered heat in the water-cooled condenser and air-cooled condenser are used for thermal 
application of water heating and drying, which are conventionally dumped into environment 
as waste heat by conventional heat pump system.  
The sub-cooled liquid refrigerant from the condensers will then be split into three separate 
branches. Each branch will lead the refrigerant to separate evaporator components. 
Refrigerant mass flow rate in each branch is regulated by the thermostatic expansion valve 
before entering the evaporator components. In the evaporator-collector, collector plate gained 
solar energy from solar radiation, ambient energy from ambient air and latent heat from water 
vapor present in the air. Energy gained by the collector plates are then transferred to and 
vaporize the two-phased refrigerant in the serpentine tubes.  
In the room evaporator, refrigerant vaporizes by receiving thermal energy from room air, 
while the room air is cooled by releasing heat to the cold refrigerant flowing in finned tube. 
Lastly, refrigerant flowing through the cooling coil in the desalination chamber will vaporize 
after gaining latent energy released during film condensation of water vapor on the horizontal 
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cooling coil. The mass flow rate of refrigerant in each evaporator is regulated to ensure 
refrigerant at the exit of each evaporator enters in saturated or superheated vapor state.  
The three streams of refrigerant vapor are then mixed together before entering the compressor 
inlet, where the refrigerant vapor-compression cycle will start again. 
3.1.3 Working principle of desalination 
In the desalination section, the system consists of a commercial solar collector, electrical, 
desalination chamber, vacuum pump, distillate tank, positive displacement pumps and a feed 
water tank, as shown in Figure 3.5. The pumps are powered by grid-connected Photovoltaic 
(PV) panels. 
Feed water is pumped through a solar collector to be preheated by solar energy. If the 
temperature of the feed water leaving the solar collector is below the desired temperature, the 
electrical heater positioned after the solar collector will provides auxiliary heating to maintain 
the temperature of feed water at the required temperature. After passing through the electrical 
heater, the water will enter the desalination chamber. The desalination chamber is evacuated 
hence, the corresponding saturation temperature of water drops below 100
o
C. 
Upon entering the desalination chamber, the water will undergoes thermodynamic flashing; 
as the saturation temperature of water in the chamber is lower that inlet temperature of water. 
The remaining part of the water that does not evaporates during flashing will fall to the 
bottom of the desalination chamber, where it is further heated up and evaporated by the 
condensing coil of the heat pump system.  
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Figure 3.5: Water Flow in the Desalination unit 
 
Vapors produced from flashing and evaporation rises to the top of the chamber, where they 
condensed on the cooling coil of the heat pump. The condensed water accumulates into large 
water droplets and falls onto the collection tray below the cooling coil. The distillates then 
flow to and are stored in a distillate tank outside the desalination chamber. Concentrated brine 
accumulated at the bottom of the chamber is removed via a positive displacement pump into 
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3.1.4 Working principle of dryer 
The dryer consists of blower, air cooled condenser, drying chamber, and fan duct system. The 
blower draws ambient air into the air cooled condenser. Air flows over the finned exterior 
coils in the condenser, where heat transfer between air and refrigerant takes place. The air 
will gained thermal energy from the latent heat released by condensing refrigerant, and 
temperature of the air will increase. The hot air is then channeled into the drying chamber. 
The drying materials used in this study are wet towels and wet clothes. The drying materials 
are hung vertically, with hot air rising and flowing from the bottom of the chamber. This 
arranged design allows optimum exposure of drying materials to the hot air. Humid air is then 
vented out to the atmosphere after drying. 
 
3.1.5 Components of the SAHP System 
All the components were designed to meet the desired load of the system. The main 
components involved in this system are, evaporator-collector, liquid solar collector, electrical 
heater, room evaporator, hermetic type reciprocating compressor, desalination chamber, 
water-cooled and air-cooled condenser, thermostatic expansion valves. The following 
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3.1.6 Compressor 
An open type reciprocating compressor is used to operate the cycle. Reciprocating 
compressors have high efficiency and an open configuration allows the use of various types 
of refrigerant. It is capable of operating at a wide range of evaporation and condensing 
temperatures producing varying power outputs. This also means that the electric motor is 
separate and external as compared to hermetic compressor.  
The chosen Type VI model has a speed range of 310-565 rpm which produces up to 34 kW 
refrigerating capacity. As compressors are designed to compress superheated refrigerant, an 
accumulator is installed at the suction of the compressor to collect any liquid that may still be 
present and may damage the compressor as liquid is uncompressible. 
In order to achieve the recommended speed, a 7.5 kW three phase 8 pole motor is used with a 
synchronous speed of 720 rpm. This motor has the closest speed to the recommended range 
though still requires an inverter speed controller to easily control speed within the range.  As 
internal cooling reduces at lower speeds, forced cooling will be required to prevent the motor 
from overheating. 
As pressure and temperature vary under different conditions and environment, a high/low 
pressure cut off switch is installed. This device detects the suction and discharge pressures 
where high and low limits are set. If the discharge pressure exceeds the high limit or if the 




A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 49 
 
3.1.7 Condenser 
In condenser lower temperature of air or fluid removes heat from the refrigerant. This 
reduction in temperature removes initially sensible heat and then latent heat from the 
refrigerant, changing from superheated phase to liquid phase. Latent heat contains much more 
energy than in sensible heat and phase change occurs at a constant temperature, the use of 
latent heat allows many practical applications.  
In the integrated heat pump system have three condensers. They are: 
1) Desalination heating coil 
2) Water heater 
3) Drying 
The desalination coil and water heater are connected in parallel and after wards it is 
connected in series with the dryer. 
3.1.8Desalination Chamber 
The desalination process uses the simple method of evaporating the fresh water and 
condensing it for collection. As salt does not evaporate with water, a solution with higher salt 
content would remain.  
Salt water is first preheated through a solar thermal collector and a 3 kW electric heater. It is 
then sprayed into the desalination chamber under vacuum. Flashing would occur at this point, 
due to the lower pressure. Water that has not evaporated will be heated by the condensation 
coil and evaporate. Water vapor having a lower density would by natural convection rise to 
the top of the desalination chamber. Remaining water salt water that does not evaporate 
would be pumped back for reheating. This pump will be activated when the water level rises 
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and activates an upper limit float switch. Two glass windows are installed at the top and 
bottom physical examination. 
 
 
Figure 3.6: Desalination chamber 
Vacuum is produced using a Busch KB0016 vacuum pump. This single stage coil 
recirculation rotary vane vacuum pump, despite being one of the smallest vacuum pumps can 
produce up to 2 mbar vacuum. It is suited for high moisture applications such as for the 
desalination chamber. To control the vacuum in the chamber, a SMC vacuum pressure sensor 
is installed in the desalination chamber. This acts as a switch to turn off the vacuum pump 
when the desired pressure is reached. 
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3.1.9Water Cooled Condenser 
 
Figure 3.7: Heat exchanger of water cooled condenser 
A tank of water with a capacity of 400 liters absorbs heat from the condensation coil to 
achieve water heating. Copper coil containing high pressure and temperature refrigerant 
losses heat to the water. It is bent into a spiral coil filling the whole height of the fiberglass 
tank to maximize heat exchange. A ball valve is installed as a safety device to prevent the 
tank from overflowing. The tank is insulated to reduce heat lost to the environment, 
preserving the temperature of the water for use.  
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 52 
 
3.1.10 Air Cooled Condenser 
 
Figure 3.8: Air cooled condenser 
The air condenser is connected in series with the desalination heating unit and water heater. 
The function of air condenser is to ensure full condensation of refrigerant before entering the 
expansion valve.  
The air condenser is a heat exchanger cooled by a 0.75 kW medium pressure axial fan. This 
heat exchanger is designed to have a heat transfer of 17 kW when used with a 7408 m
3
/h fan 
at a temperature difference of 15K. The heat exchanger increases its efficiency by splitting 
the refrigerant into 7 narrower lines. This reduces the flow rate through each tube and a 
smaller diameter with higher contact surface allows better heat exchange between the tube 
and the refrigerant.  
The atmospheric air is forced by blower to move across the fins and gain heat, the energy of 
moving air is then used for drying objects. An insulated drying chamber is built with mesh on 
two sides for the air to flow through and dry the object. The air is then diverted upwards and 
away from the inlet to ensure good circulation.  
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3.1.11 Thermostatic Expansion Valve 
The function of an expansion valve is to reduce the refrigerant pressure. In the integrated 
SAHP system, before each evaporator a thermostatic expansion valve is used. This expansion 
valve has an exchangeable orifice, designed to reduce the pressure for a range of refrigerating 
capacity. The orifice creates a pressure drop according to the mass flow rate of the incoming 
refrigerant. A bulb filled with the same refrigerant connected to the outlet of the evaporator 
senses the temperature. A higher temperature would cause the refrigerant inside to expand, 
push against the diaphragm and enlarge the expansion valve. This would cause more 
refrigerant to flow past the orifice resulting in a larger pressure drop and larger refrigerating 
capacity.   
3.1.12 Evaporator 
Once the refrigerant has fully condensed, it is in the liquid state. It first runs through a filter 
dryer to remove any dirt or moisture that may damage the expansion valve. A sight glass is 
installed after it; hence, visual inspection can be done to ensure that the refrigerant is 
completely in liquid state. It can also be used to check if the filter dryer is choked, as pressure 
will drop and some vapor may be produced. The refrigerant then splits to three different 
evaporators.  
As pressure reduces, so does temperature.  This low temperature refrigerant runs through a 
heat exchanger, absorbing heat and changing from liquid to vapor. In the integrated SAHP 
system, it has three different types of evaporators, connected in parallel. These are: 
a) Desalination Cooling unit 
b) Room Evaporator 
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c) Solar Evaporator Collector 
3.1.13 Desalination Cooling Unit 
As in Figure 3.6, at the top portion of the desalination chamber, water vapor evaporated from 
the heat of the heating coil would cool upon contact with the evaporator coil. As droplets 
form, they will drip down onto a collection funnel where the fresh water is then collected and 
pumped to a reservoir for collection. As salt does not evaporate with water vapor, this liquid 
would be fresh water. This heat exchanger uses a 3.5m copper coil bent into a spiral 
configuration.  
3.1.14 Indoor Room Evaporator 
Daikin FT50GV1G is used for the indoor room evaporator. It has a capacity of 5.3 kW and an 
18 m
3
/min airflow rate. This is commonly known as the fan coil unit used in a household air 
conditioner. It is located two stories down in the thermal process lab. A similar thermal 
expansion valve is fitted just before the refrigerant goes through a finned heat exchanger with 
a radial fan circulating the room air through it. Such a unit has a filter mesh to trap dust in the 
air and has a thermostat controlled via an infrared controller. However the thermostat is 
removed and controlled directly by the PLC located at the rooftop. In the room evaporator 
there is a drain pipe to collect condensate produced from the heat exchanger which acts as a 
dehumidifier for the room. This cold liquid is usually discarded through a PVC pipe to the 
outdoors but may be used for other applications.    
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3.1.15 Solar Evaporator Collector (SEC) 
 
Figure 3.9: Cross section of solar evaporator collector 
The integrated SAHP system has two SEC connected in parallel to reduce the mass flow rate 
and enable to capture the renewable energy more effectively. The solar collector is a 2m X 
1m aluminium plate of 2mm thickness. To maximize exposure with the sun, the collectors are 
positioned at a 10˚ tilt angle with the base of southwards. The top part is Copper plate which 
is painted by tar to increase absorbance. Copper coil bent into a serpentine and brazed under 
this plate to absorb heat. Fiberglass wool insulates are provided to ensure all the heat is 
transferred to the refrigerant.  A plastic drain channel is built to collect condensate that will 
form on the plate and flow downs due to slope.  
 
Figure 3.10. Schematic diagram of (a) evaporator-collector and (b) solar liquid collector[60] 
Water inlet Refrigerant inlet 
Refrigerant outlet 
(b) Water solar collector (a) Evaporator-collector 
Water outlet 
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3.1.16 Solar Liquid collector 
A commercial solar water collector is used to preheat the feed water, as shown in Figure 
3.12(b). It has an area of 2 m
2
 and 50 mm thick insulation at the bottom of the collector. The 
collector is of parallel tube-type, with seven riser tubes connected by two headers. The plate 
is made of 0.9 mm thick aluminium. The collector is glazed with 3mm thick glass to reduce 
heat loss to the environment. 
3.1.17 Electrical heater 
An electrical heater is positioned after the liquid solar collector. The heater maintains the feed 
water in the desalination unit to a set temperature before entering into the desalination 
chamber. It has a rating of 2.24 kW, and contains 6.95 litre of water. During the experiment, 
the heater is set to maintain feed water temperature at 70°C. 
3.1.18 Refrigerant 
Refrigerant is the blood of heat pump system. Therefore, in any heat pump system, the choice 
of refrigerant is vital, as upon it the design of the entire system is effected. 
 The most commonly used refrigerants are R134a, R404A and R410A (replacement for R22). 
The following table shows saturation pressures at the respective temperature. The 
temperatures listed are close to the required temperature for our experiments. From the 
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Table 3.1: Various refrigerant saturation pressure at 0˚C and 50˚C 
 Refrigerant Saturation at 0˚C Saturation at 50˚C 
1 R134a 3 bar 13 bar 
2 R404A 6 bar 23 bar 
3 R410A 8 bar 30 bar 
R404A is used in low temperature applications such as freezers and cold rooms. R410A is 
slowly replacing R22 as part of the Montreal Protocol initiated by the United Nations 
Environmental Program. It aims to stop the production and sales of R22 by 2016. R134a is 
used in medium to high temperature applications such as commercial refrigeration, chillers 
and automobile air-conditioning. New models of residential air-conditioning today, using 
inverter controlled compressors are available mainly using R134a refrigerant. Thus, R134a is 
the suitable refrigerant of choice for the integrated SAHP system. 
3.2 Photovoltaic 
 
Mono crystalline  Poly crystalline  Tandem 
Figure 3.11: Different types of photovoltaic cells 
Three different photovoltaic panels are installed to supply electricity to the water circulation 
pump and the fan of the air condenser, as shown in Figure 3.11. The materials used are mono 
crystalline silicon, polycrystalline silicon and multi-junction (Tandem) cell.  
These photovoltaic panels convert solar energy into direct current (DC) electricity. A grid-tie 
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Figure 3.12: Model NU-SOE3E from SHARP   Figure 3.13: Model PV-MF110EC4  
 
inverter is installed to convert DC to three phase alternating current (AC) electricity . This 
means when the power produced from the photovoltaic is insufficient to power the devices, 
power is supplemented from the mains. These electrical data can be viewed using the PC 
Link connection from the inverter to a computer through the software. As different 
photovoltaic modules have different performance under different operating conditions, an 
ABB ODIN meter OD4165 is connected after each inverter to measure the cumulative power 
output of each panel. This meter not only measures the power produced but sends pulse 
output signals of 4-20 VDC. The digital output is then feed to the PLC for data logging. All 
modules are mounted on frames made of aluminium extrusions with castor wheels for it to be 
easily moved. The frame also allows the modules to be tilted to the angle required.  
Table 3.2 states the information on the three different types of cells. The surface area of mono 
crystalline cell is 2.62m
2
 while the surface area of poly crystalline cell is slightly larger than 
mono crystalline cell, which is 2.76m
2
. However, tandem cell has the largest surface area 
4.22m
2
, which is approximately 1.5 times the surface area of mono or poly crystalline cell. 
All these photovoltaic cells are installed side by side and were tilted at 10 degrees facing 
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Figure 3.15: Photovoltaic cells are installed side by side and tilted at 10 degrees from the horizontal   


















3.2.1 Mono Crystalline Cell 
Mono Crystalline ( Figure 3.12) is smooth, even and easily identifiable. It tends to be uniform 
in appearance. Mono Crystalline is made from a single silicon crystal and made up of 
uniformly stacked rounded cells. It is more compact and more efficient by producing the 
highest wattage per square foot. In addition, mono crystalline is more reliable and has a 
longer lifespan. However, it is expensive and due to its extremely fragile characteristic, a 
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rigid mounting is a must for mono crystalline. Therefore, mono crystalline is losing its 
market. 
3.2.2 Poly Crystalline Cell 
Poly crystalline cell (Figure 3.13) is made from a block of silicon that has multiple crystals. 
Even though poly crystalline cell is less compact, it is less efficient. Besides that, poly 
crystalline cell is less reliable compare to mono crystalline cell. However, it is cheaper and 
less fragile. In addition, its longevity is comparable to mono crystalline. Therefore, poly 
crystalline is more common. 
 3.2.3 Tandem Cell 
Tandem (Figure 3.14) is dark brown or dark blue in colour. It is very efficient in low light or 
cloudy conditions. It has high efficiency with lower cost. However, it needs a larger area.  
3.3      Instrumentation and Control  
The whole system is controlled via a programmable logic control (PLC), (Figure 3.16) It has 
a touch screen interface (Figure 3.17) that allows the user to easily view current readings and 
control the devices. It also has the ability to log data in intervals of 5 minutes storing it in a 
memory card. This device mainly runs on a 12 volt DC power supply with its input and 
outputs running on the same.  
To control the high load devices, the PLC is connected to relays. An electromagnetic coil is 
used at a lower voltage to move the contact between the open and closed position. It also has 
the ability to control the arc produced when interrupting high currents and is therefore used to 
switch high loads.   
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     Figure 3.16: Programmable logic              Figure 3.17: Screen of the programmable logic 
controller 
 
The following equipments require 400 volts 3 phase power supply: 
Table 3.3: Equipment list using 3 phase power 
 Equipment Power Current Relay No. 
1 Air condenser axial fan 0.75kW 3 amps R0 
2 Pre-water heater 3kW 5 amps R1 
3 Water pump 0.75kW 3 amps R2 
4 Water pump 0.75kW 3 amps R3 
5 Bitzer compressor 5.5kW 13 amps R4 
 
 
The following equipment requires 230 volts 1 phase power supply: 
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Table 3.4: Equipment list using 1 phase power 
 Equipment Power Current Relay No. 
1 Daikin FCU Air-con 0.5kW 2 amps R5 
2 Desalination chamber water pump 0.1kW 1 amps R6 
3 Busch vacuum pump 0.55kW 3 amps R7 
 
3.3.1  Data Acquisition System 
In order to obtain data from the experiment, multiple data would be required and recorded for 
analysis. They are simultaneously put into the PLC at the same time.  
When all instruments are installed, they have to be checked that they are connected to the 
right device and port at the PLC. This has to be individually checked with the positioning 
drawing. It can easily be done by disconnecting the instrument and finding an out of range 
reading at the PLC input.  
All instruments would then have to be calibrated at the PLC to ensure that they are showing 
the correct values. This has to be done by using a separate device to check on the readings 
displayed.  
3.3.2   Temperature Measurement 
The temperature is measured using element type T, hot junction ungrounded with probes 
made of stainless steel. Type T uses copper and constantan (55% copper & 45% nickel) 
producing a relatively high resolution of about 43 μV/˚C. Both these materials do not show 
change in characteristics across the range of -200 to 350˚C. The extension wires leading to 
the PLC are also of similar material in order not to introduce another thermocouple junction. 
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These thermocouples are mainly used to measure temperature of the refrigerant at different 
locations by inserting the probe into the copper pipes. This allows the probe to come in direct 
contact with the refrigerant giving a high resolution of accuracy and a faster response time. 
Some other thermocouples are used to measure the temperature of water, air and surface.   
3.3.3  Pressure Measurement  
Pressure is measured using pressure transducers designed for refrigeration. It has a range of -
1 to 60 bar with a resolution of 0.1 bar. A 2-wire connection is used with 4-20 mA output at 
12 VDC. This output is directly connected to the PLC where pressure readings in Bar is 
displayed. Additional pressure gauges, as shown in the Appendix,  are added at critical 
locations for quick readings and confirming readings from the transducers. These gauges 
show the pressures in Bar and PSI, as well as the corresponding saturation temperature for 
R134a refrigerant. 
3.3.4 Flow Rate Measurement  
The Krohne H250 variable area flow meters are used to measure the flow for each channel 
during the parallel distribution of liquid refrigerant at the evaporators. It operates using a 
tapered section with an appropriately shaped float that can move freely up and down. This 
means that it has to be installed in a vertical position with the flow from bottom to top. The 
position of the float is then transmitted by magnetic coupling and a dial indicator. The 
magnetic coupling produces 4-20 mA output to be connected to the PLC for display and data 
logging. The dial is displayed with a range from 0.012 - 0.12 kg/s of R-134a in the liquid 
state.  
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3.3.5 Solar Radiation Measurement  
Solar radiation is measured using a precision spectral pyranometer. This device uses circular 
multi junction wire wound thermopile to convert thermal energy into electrical energy. 
Having a range of 0-2800 Wm
-2




, this device connected 
to the PLC to log solar radiation. 
 
 Figure 3.18 : Pyranometer 
3.3.6   Humidity Measurement  
Relative humidity is measured using a hand held Relative Humidity (RH) meter. The model 
TH-3000 is able to measure both temperature and humidity. It uses high precision thin film 
capacitance sensor to sense the humidity. The measuring range is from 10 - 95% RH with a 
resolution of 0.1%.  
3.3.7   Wind Speed Measurement  
Wind speed is measured using a hand held anemometer. The model EA-1000 uses a vane type 
sensor head to measure the wind speed. It has a range of 0.8 – 30 m/s with a 0.1 m/s 
resolution.  
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Figure 3.19: Soladin 600 inverters 
 
3.3.8   Grid-tie-Inverter 
In the project, there are total three Soladin 600 inverters are installed, one for each 
photovoltaic cell, as shown in Figure 3.19. Maximum Power Point Tracking (MPPT) 
technique is also incorporated in the inverters to get the maximum possible power from the 
PV array.And, Mastervolt PC-Link Soladin is also used in the project. Mastervolt PC-Link 
Soladin, as shown in Figure 3.19, is an interface that is used to convert the signals from the 









The Soladin 600 Wizard 1.5.2 software enables to read the voltage, current, and even daily 
profit of each photovoltaic cell. It is available to download from the Mastervolt main website, 
which is http://www.mastervolt.com/. This software is needed in order to read the voltage, 
current, and even daily profit of each photovoltaic cell. 
3.4   Test Procedure 
Precautionary checks must be done before every experiment is conducted. As safety is first, 
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risk – assessment was performed and SOP (System Operating Procedure) was also put on the 
set up . The safe running procedure is demonstrated in the coming sections. 
3.4.1  Test Procedure for Heat-pump system 
There is a list of other conditions shown below that needs to be fulfilled before running the 
system: 
1. The water condenser tank must be filled with water, with the coil submerged. 
2. The valves of the water line are in their desired positions. 
3. There is adequate refrigerant pressure in the solar assisted heat pump. 
4. The feed water tank is filled with clean water. 
5. The electric heater is set to set temperature. 
If such conditions are met, then the experiment may be conducted according to the following 
procedure: 
1. Turn on the main power switch to the system. 
2. Turn on the blower and the Air-con . 
3. Turn on the positive displacement pump to drain any remaining water in the chamber. 
4. Turn on the vacuum pump to lower the chamber’s pressure to 0.14 bar. 
5. Put the pyranometer in an open place, make sure it is not obstructed. 
6. Set the desired frequency of the compressor, and activate it. 
7. Open the valve of the feed water tank, run the water circulation pump.  
8. Activate the electrical heater. 
To shut down the system, the following procedure is being followed. These are listed below: 
1. Turn off the compressor, vacuum pump, electric heater, and water circulation pump. 
Let the compressor cool down for about 10 minutes. 
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2. Turn off the Blower and the Air-con unit. 
3. Restore the DATA from PLC system. 
4. Open the feed water valve located near the chamber slowly to collect the desalinated 
water. 
5. Cover the whole system, turn off the main power switch, take the pyranometer back to 
the laboratory. 
3.4.2 Test Procedure for Photovoltaic system   
Before running the system and recording the data, there are some preparatory steps as below: 
 Download the Soladin 600 wizard 1.5.2 software from Mastervolt main website as 
mentioned in section 3.3.5. Then, install the software in the PC. 
 Check and make sure all the measuring instruments are working properly. 
The procedures of running the system and recording the data are shown below: 
1 Turn on the power supply and ensure that there are green lights on the three installed 
inverters, one inverter for each photovoltaic cell. The green light will keep blinking as the 
photovoltaic system is running or else red light will appear on the inverters. 
2 Turn on the programmable logic controller. After that, turn on the fan blower by 
pressing the button on the touch screen of the programmable logic controller. 
3 Setup the pyranometer and connecting it to a data logger. For the pyranometer, it must 
be carefully positioned. Placed the pyranometer on a flat surface and avoid any shadow from 
falling on the pyranometer’s surface. After that, start scanning of the data logger and record 
the data. 
4 The photovoltaic voltage and current data are collected by Mastervolt PC-Link using 
the software Soladin 600 wizard 1.5.2.  
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5 Record all the data in every 15 minutes. 
At the end of the experiment, the following steps are taken to shut down the system safely. 
o Turn off the fan blower by using the touch screen of the programmable logic 
controller. 
o Unplug the Mastervolt PC-Link Soladin from Soladin 600 and PC. 
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CHAPTER 4        MODELLING AND SIMULATION 
A necessary preliminary step before a simulation or optimization of the system is that of the 
formulation of a reliable mathematical model, which would represent the characteristics of 
the equipment or processes of the system [101]. A mathematical model with which the system 
and process parameters can be studied is of considerable importance due to the fact that a 
reliable mathematical model will prevent or minimize costly mistakes in the further 
development of the system. With the help of a suitably formulated program, using one of the 
convenient computer languages, the importance of simulation of the entire system can be 
better appreciated. In this chapter, emphasis is placed on the development of mathematical 
models that represent components or sub-systems. 
4.1 Meteorological Condition of Singapore 
Meteorological data is very important to get the actual thermal performance and optimum 
size of the system. In order to achieve the similar thermal performance of the solar assisted 
heat pump system, local meteorological data has been used and these are discussed in this 
section. 
As a country located near the equator (1°21’N, 103°55’E), Singapore has a uniform 
temperature, high humidity and a reasonable rainfall throughout the year. The daily ambient 
temperature variation is relatively small, while annual temperature variation is about 1.9°C. 
The relative humidity is generally high. In the early hours of the morning it reaches around 
90%, and drops to around 60% in the afternoon. 
Large variations in temperature are rare throughout the year with the mean monthly 
temperature varying not more than 1.1°C from the mean annual of 26.6°C. On the average 
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the mean maximum and minimum daily temperature are 30.7°C and 23.7°C, respectively. In 
contrast to temperature, large diurnal variation in relative humidity is observed. The relative 
humidity may be less than 60% in the afternoon and rises to as high as 99% in the early hours 
of the morning. The lowest relative humidity experienced over 48 years is 33% while the 
annual mean value is 84% over the same period.[102] 
In general, there is no distinct wet or dry season. There is no particular period of the year in 
which rain falls more heavily than other periods. It is, generally, accepted that, when seasonal 
variation is mentioned, it refers to the dominance of the prevailing wind at the time of the 
year. The month of December consistently shows itself as the wettest month of the year while 
July, generally, has the lowest average monthly rainfall. The annual mean rainfall is 2381 
mm. [102] 
As mentioned earlier, the season is dictated by the prevailing wind. There are hardly any 
seasonal effects. Two main seasons are the Northeast monsoon and Southwest monsoon. 
Northeast monsoon starts in late November and ends in March, whereas Southwest monsoon 
usually starts in the second half of May and ends in September. In between these two seasons, 
there are shorter inter monsoon periods. Rain frequently occurs during the early part of 
Northeast monsoon. 
Change of radiation, ambient temperature, relative humidity (RH) and wind speed in a typical 
day in Singapore is shown in Fig. 4.1 
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Figure 4.1   Variation of solar radiation and ambient temperature with time in Singapore on 
26 May, 2010 
 
Figure 4.2:   Variation of relative humidity (RH) and wind speed with time in Singapore on 
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4.1.1 Meteorological model  
Any system simulation involving solar systems requires reliable information about 
meteorological data of the location concerned. Singapore meteorological data for the present 
system simulation is obtained from the methodology developed by Hawlader et al. [103,104]. 
The equation developed by Hawlader et al.[104] from regression analysis, shows that a 
polynomial, shown in equation below, can be a good representation for the variables 








ntaX  (4.1) 
                                                   
In the above equation, X is the hourly values of the variables: global radiation, ambient 
temperature, relative humidity and wind speed and an is the coefficient of polynomial in the 
equation. The time, t, used in the equation is the end hour of the given time interval. For 
example, to obtain any of the above variables from 10:00 to 11:00 hours the value of t is 
taken as 11. The values of the coefficient, an, for the variables discussed above are given in 
tabular form in Appendix A. 
4.2  Modeling of Heat Pump  
Heat pump is functioning as a device to extract thermal energy from low temperature source 
and delivered to high temperature sink. This section explores the mathematical modeling of 
the system. The main components covered in the model are compressor, expansion valve, 
water condenser, air-condenser, desalination chamber, room evaporator, thermostatic 
expansion valve, liquid solar collector and solar evaporator collector. 
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4.2.1Compressor 
An open type reciprocating compressor coupled with an electric motor and a frequency 
inverter is used in the solar assisted heat pump system. The frequency inverter allows for an 
adjustment of compressor speed for different operating conditions and cooling capacities. 
An assumption of the refrigerant undergoing polytrophic compression with a constant 
polytrophic index, n, is made in the formulation of the compressor model. The various 
equations are expressed as follows from Stoecker and Jones [105]. 
Piston Displacement per cylinder : 
 
   
     
 
 (4.2) 
Volumetric efficiency of compressor : 
 







where C is the clearance volume ratio and obtainable from the manufacturer’s data. 
Refrigerant mass flow rate: 
 
    
     
    
 (4.4) 
Compressor work input : 
 
   




   




   
 
    (4.5) 
Refrigerant discharge temperature and specific volume 
 




   
 
 (4.6) 
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The water condenser consists of a spiral copper coil immersed in a well insulated tank filled 
with water. Refrigerant flows through the copper coil which releases heat to the water in the 
condenser, and becomes saturated or sub-cooled. Cold water is also supplied to the tank and 
hot water flows out of the tank to maintain the water temperatures and allows for more hot 
water production. The rough schematic diagram of the water condenser is shown below: 
 
Figure 4.3 Schematic Diagram of Water Tank 
The heat rejected by the refrigerant is given as : 






in and out 
Water in 
Water out 
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The heat absorbed by the water is given as : 
 
       
   
  
                 (4.9) 
where the first term refers to the heat gain by the water in the storage tank, while the second 
term refers to the heat gain by the hot water discharge, which is at the same rate as the cold 
water supply. The first term would be zero if there is no change of water temperature in the 
tank over time, while the second term would be zero if there is no water supplied or discharge 
from the tank. 
Assuming negligible heat loss from the water tank to the ambient, the heat transfer from the 
refrigerant to the water should be balanced as follows : 
 
               
   
  
                   
(4.10) 
To calculate the effectiveness of the heat exchanger in the two phase region, we note that 
    
    
   with a phase change process. Thus for the water condenser, the effectiveness is 
given as follows : 
           
          (4.11) 
Where the number of transfer units is based on the water flow rate as follows 
 
         
       
      
 (4.12) 
The surface area of the coil can be calculated as follows 
                    
(4.13) 
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Figure 4.4 Regions of refrigerant flow in water condenser 
Refrigerant is going through vapor region and two phase region as shown in Figure 4.4. 










   (4.16) 
 










      
   
   
                      
     
   
              (4.19) 
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Total length of the water condenser tube is Ltot . If refrigerant is fully condensed before it 












Total energy released by refrigerant Qref, which is equivalent to the energy absorbed by the 
water Qwc, is the sum of energy released in three regions. 
                    (4.23) 
 
4.2.3 Desalination chamber 
In the desalination chamber, thermodynamic flashing, evaporation and condensation 
processes will be occurring near simultaneously. Uniform flashing of water takes place when 
feed water enters the desalination chamber through the spray nozzle, at a temperature higher 
than water’s saturation temperature. Condensing coil located at the bottom of the chamber, 
provides thermal energy to heat up and evaporates remaining feed water that does not 
vaporize during flashing. Vapor produced from flashing and evaporation will rise to the top of 
the chamber, where it will be condensed by the cooling coil, as shown in Figure 4.5 











l tot tp vL L L L  
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Figure 4.5 Heat transfers taking place in desalination chamber 
4.2.3.1 Thermodynamic flashing 
Thermodynamic flashing is assumed to have taken place at equilibrium condition. 
Vapor produced during thermodynamic flashing can be described as follows: 
 
      
                           
        
 (4.24) 
 
Tw,sat is the saturation temperature of water in the desalination chamber. In this study, the 
desalination chamber will be evacuated to an internal pressure of 0.12 bar, which correspond 




4.2.3.2 Condensing coil 
Unsaturated water produced will fall on the condensing coil at the bottom of the chamber. 
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The water is then evaporated by the heat released by the condensing coil. Hence, the 
condensing coil behaves like a heat exchanger between the refrigerant and water. Useful 
energy released by refrigerant can be express in terms of the amount of water evaporated: 
                (4.25) 
The heat released by the condensing coil can also be written as: 
                         (4.26) 
Where Th,i is the inlet temperature of hot fluid and Tc,i is the inlet temperature of cold fluid. In 
present study, Th,i refers to the temperature of superheated refrigerant and Tc,i refers to the 
temperature of feed water. In the equation, effectiveness-NTU method is used to determine 
the effectiveness of condensing coil. Effectiveness, ε, is the ratio of actual heat transfer rate of 




    
   (4.27) 
Cmin is the heat capacity of the fluid with the lowest value. The system only has two working 
fluids, either the refrigerant or water. Hence, the two different heat capacities are Ch and Cc , 
respectively. Cmin can be determined as follows: 
            (4.28) 
            (4.29) 
If Ch>Cc, Cmin = Cc and Cmax = Ch. However, if Cc>Ch, Cmin =Ch and Cmax= Cc. In heat 
exchanger equations, it is useful to describe as heat capacity ratio, C: 
 
  
    
    
 (4.30) 
For any heat exchanger, it can be shown that effectiveness is a function of NTU and C: 
 ε = f(NTU, C)                                                                                                         (4.31) 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 80 
 
                (4.32) 
                                                                                                         
Where NTU is defined as the number of transfer units, which is a dimensionless parameter 
used in heat exchanger analysis. NTU is defined as follows: 
 
    
  
    
   (4.33) 
Where A is the surface area of the heat exchanger and U is the overall heat transfer 


















    
(4.34) 
In the above equation, ho and hi refers to the heat transfer coefficient of fluid outside and 
inside the tube, respectively, k refers to the thermal conductivity of tube material, ro and ri 
refer to the tube outer and inner radius , respectively. A clearer description of the variables is 
shown on Figure 4.6 
 
Figure 4.6 Cross-sectional area of condenser coil 
4.2.3.3 Desalination cooling coil 
Saturated vapor generated during flashing and evaporation rises to the chamber’s top, losing 
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latent heat to the cooling coil and condenses. Hence, the cooling coil functions as a heat 
exchanger between the vapor and refrigerant. In heat exchanger analysis, for film 
condensation of water vapor outside the horizontal tube, the average heat transfer coefficient 
is described as [109]: 
 
          
           
     
             
 
    
 (4.35) 
Useful heat transferred from the vapor to the refrigerant in the cooling coil can be calculated 
using the same mathematical model developed in previous section of the condenser coil. 
Useful heat transferred to the cooling coil can be expressed in terms of the amount of 
distillate condensed on the cooling coil: 
                   (4.36) 
4.2.4 Air condenser and drying chamber 
The air condenser is connected in series after the water condenser to ensure complete 
condensation of the refrigerant and to provide hot air for the drying process. A schematic 










(Inlet and Outlet) 
Air In (from Blower) 
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The heat rejected by the refrigerant is given as: 
               (4.37) 
The heat absorbed by the air is given as: 
                       (4.38) 
Assuming negligible losses, the energy balance for the air condenser is 
                               (4.39) 
To calculate the effectiveness of the heat exchanger in the two phase region, we note that 
    
    
   with a phase change process. Thus for the air condenser, the effectiveness is given 
as follows: 
            
          (4.40) 
Where the number of transfer units is base on the water flow rate as follows: 
 
          
        
       
 (4.41) 
For the drying process, moisture is added to the hot air if the drying chamber is utilized for 
drying. The water removal rate during drying is : 
                (4.42) 
The saturated specific moisture equations derived by Prasertsan et al. [106] are as follows : 
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The specific enthalpy of air is then as follows 
                               (4.45) 
4.2.5 Room Evaporator 
The room evaporator usually serves a dual purpose in making the room comfortable for use. 
Firstly, it brings down the room temperature to a cool and comfortable condition, and 
secondly, it removes humidity from the room. This means that a combined heat and mass 
transfer, where both sensible and latent heat transfer, takes place in the direct expansion coil 
of the room evaporator. 
 The rate of sensible heat removal from the room is based on the temperature difference as 
follows: 
                        (4.46) 
The rate of latent heat removal from the room is based on the rate of condensation, which is 
based humidity ratio difference as follows: 
            (4.47) 
Where the rate of condensation is 
                        (4.48) 
And   , which is the mass convection coefficient, is approximated for water vapor as : 
 
   
  
   
 (4.49) 
The total heat gain by the evaporator is the sum of the sensible and latent heat, which is 
calculated as 
 
            
         
   
          (4.50) 
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The heat gain from the refrigerant is determined from the enthalpy difference of the 
refrigerant as follows: 
                             (4.51) 
Assuming negligible losses, the energy balance for the air condenser is 
 
                         
         
   
          (4.52) 
4.2.6 Solar Evaporator Collector (SEC) 
The evaporator collector is designed to collect solar energy and ambient energy and is 
exposed to the sun. Solar energy is collected when the solar irradiation falls onto the surface 
of the collector, while the ambient energy is collected due to the low temperatures of the 
collector’s absorber plate. 
SEC Temperature Profile  
A transient two-dimensional mathematical model of the evaporator-collector has been 
developed to predict temperature distribution.In the SEC, we consider a small cube as control 
volume .An energy balance on the control volume is shown in Figure 4.8 gives: 
                                      ( )x y u x x y y p
T




      

                                         (4.53) 








represents the change of internal energy in the elemental control 
volume. The heat transfer between the SEC and surrounding ambient is represented by LQ  
which is: 
                                                              
)( aLL TTUQ                                                    (4.54) 
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Figure 4.8 Geometry and coordinate system of the unglazed solar evaporator collector 
The terms ,  and u x x y yQ Q Q   are given by: 
 u uQ q x y   ;                                                  (4.55)                 








   
  ;                                         (4.56) 








   
                                            (4.57) 
Substituting these three terms into equation (4.53) gives the partial differential equation: 




cq T T T






                                      (4.58) 
Where ( )u L L aq S Q S U T T      
x  
S  
xQ  x xQ   
y  
yQ  
y yQ   
LQ  
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This partial differential equation (4.58) requires one initial condition and four boundary 
conditions for its solution. 
The initial condition is 
  0,   for all values of  and aAt t T T x y    









Because the boundary at 0y   is exposed to the ambient, so 
  1 0, y L y aAt y q U T T      








At 0y  , an energy balance on the control volume shown in Figure 4.9 gives: 






x y u x x y p
y
Ty





     

















 LQ  
Figure 4.9 Energy balance on the control 
volume at 0y   
 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 























Substituting into Equation (4.59) 




2 2y y p yu
L y a
T T c Tq
U T T




    
    
                   (4.60) 
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Where    2 1 2 and 0 0 and 0  and 0
2 2
; ;W D W Dy x xy L x x y L x y LT T T T T T             
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The four corner points are special conditions of the boundary conditions. The PDE for them 
are derived by the energy balance method as details in Appendix G. 




Figure: 4.10 Solar Collector Energy Diagram 
 
The mechanism of heat transfer in solar collector is shown in Figure 4.10. There are 
heat losses from the absorber surface (top losses) and from the bottom (bottom losses) 
conduction through insulation, and convection and radiation from back of the collector. The 
corresponding thermal resistances in the solar collector plate are shown in Figure 4.11. It is 
assumed that the temperature at the bottom of the insulation material to be the same as 
ambient temperature Ta . 
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  Figure : 4.11 Thermal Resistances in Solar Collector Plate 
 
By referring to Figure :4.11 and ignoring the negligible heat loss by the above assumptions, 
the total heat resistance can be written as  
  (4.61) 
 
By substituting the heat transfer coefficients 
  (4.62) 
 
which can be simplified as  
 














A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 90 
 
Wind Heat Transfer Coefficient hw 
For the solar collector (2.0 X 1.0) m
2
, it is necessary to calculate characteristic length Lch 




   
where Ac = surface area of solar collector and  
PERIc = perimeter of solar collector 
Ambient temperature Ta is read in data acquisition unit and physical properties of air will 
then be known such as,   
 
Polynomial fit curve method is used to get the equation of physical properties of air for the 
desired temperature ranges. Thus, those properties become a function of ambient temperature 
and are suitable for multiple calculations. MATLAB programming language is used for 
overall calculations. 
Reynold no of air can be calculated as 
 
                                 (4.64) 
 
and Nusselt  no. of air is  obtained  for different Reynold no. ranges 
 
   (4.65) 
 
                                      
                                          (4.66) 
 
Therefore, the wind heat transfer coefficient can be calculated as follows 
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Next, Radiation Heat Transfer Coefficient can be expressed as [110] 
 
  (4.68) 
 
where Tp is used as an average value of plate temperatures for different locations. 
The last one, conduction heat loss coefficient is considered on the insulation material, which 
gives 
 
    (4.69) 
 
Therefore, one can calculate overall heat loss coefficient using Equation (4.63) 
Local two-phase enthalpy and vapor quality 




Where Hin is enthalpy at solar collector inlet, which is approximately equal to the enthalpy at 
condenser outlet Hco by assuming constant enthalpy process across expansion valve. Once the 
condenser outlet temperature Tdo is known, condenser outlet enthalpy can be found easily. It 
should be noted that enthalpy at sub cooled region does not depend on condenser outlet 
pressure  Pdo. 
where Z is the length of each element. In this analysis, the straighten  fin-tube is divided 
into 2,000 divisions with nodes starting from  (i = 1,2,3,…….,2001). “Node 1” is inlet of the 
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The elemental Length of copper tube is calculated by 
 
                                               (4.71) 
 
where Lt = total length of tube and 
          N = 2000 divisions 
and also local vapor quality is easily obtained by 
 
  (4.72) 
where Hf and Hg are the enthalpies for saturated liquid and saturated vapor respectively, at 
local collector pressure Pi. It will be explained on pressure drop effect section for thermo 
physical properties. 
At the inlet of solar collector (N=1), two-phase enthalpy Htp = Hin  as q’ = 0  
 
Lockhart-Martinelli model [111] is used here to predict Heat Transfer coefficient of the 
refrigerant closely.Lockhart-Martinelli Parameter for Two-phase flow is defined as 
 
  (4.73) 
 
where L , g , L and g are saturated liquid density, saturated vapor density, saturated liquid 
dynamic viscosity and saturated vapor dynamic viscosity which can be read from R-134a 
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Heat transfer coefficient 
The theoretical correlation for the ratio of two-phase heat transfer coefficient to liquid phase 
heat transfer coefficient is of the following form [111] 
 
   (4.74) 
In a recent experimental study using R-134a, the constant a=2.44 and b=0.863.[112] 
Therefore, the correlation will be 
 
   (4.75) 
 
where hl is liquid heat transfer coefficient and its correlation is obtained from Ozisik [113] 
     (4.76) 
       
Liquid Prandtl number and liquid Reynold number can be found as follows: 
Liquid Prandtl no. 
       (4.77) 
      
and Liquid Reynold no. 
        (4.78) 
The thermophysical properties L , cpl , kL can be read from R-134a  tables by knowing Pi . Pi 
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SEC Energy Gain 
Base on the Duffie and Beckman [110] equation used for solar collectors, the useful energy 
gained by the collector is given by : 
                           (4.79) 
Where the term       represents solar energy absorbed by the collector and the term 
           represents the loss of thermal energy to the ambient, which consist of a 
convection and radiation terms as shown below :  
          (4.80) 
 
For Flat plate collectors larger than 0.5m , Watmuff et al.[113] proposed the below correlation 
of hc  
 Convection :            (4.81) 
 
Radiation :      
    
    
  
       
 
(4.82) 
An empirical equation has been developed by Swinbank in reference [110], which relates, 
Tsky to ambient temperature, Ta, as shown below: 
4 1.50.0552sky aT T  
where, they are both in degree Kelvin. 
 
It is noted that in the solar evaporator collector, the plate temperature is usually lower than 
the ambient temperature, which leads to an ambient energy gain in the collector. As the terms 
in the ambient energy portion of the equation changes since it is a gain term, a modified form 
of the Duffie and Beckman equation has been developed to define the useful energy gained 
for conditions where the plate temperature is lower than the ambient temperature. 
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For the modification of the equation for the evaporator collector, the solar energy term does 
not change, as the evaporator collector absorbs solar energy in similar way, as the 
conventional solar collector. For an evaporator collector, there are two sources of ambient 
energy : convection and condensation . 
Based on extensive research done by Sartori [115] on wind convection coefficient for flat 
plate solar collectors, the wind convection coefficient for turbulent flow which account for a 
decay in wind convection across the flat plate can be calculated as follows : 
          
         (4.83) 
The condensation coefficient is based on the reduction of humidity ratio of the air and the 
mass convection coefficient, which is base on the wind convection coefficient, as follows 
 
      
            
        
 (4.84) 
The overall heat transfer coefficient for ambient energy for the solar evaporator collector is 
the sum of both wind convection and condensation coefficient 
            (4.85) 
Thus the total useful energy gained by the collector is 
                          (4.86) 
SEC Efficiency Equation 
The general efficiency equation for an evaporator-collector can be represented in the 
following form: 
   
              
             
 
                                         
                                              
  (4.87) 
The input energy for the collector is the incident solar energy and the heat gain from 
surrounding ambient. The solar energy absorption depends on the area and its: 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 96 
 
              (4.88) 
The ambient energy gain is due to the temperature difference between the surrounding and 












The Convective heat transfer coefficient depends on wind movement. In the case, where the 
evaporator-collector plate temperature is lower than the ambient temperature, convective 
energy gains are observed by Sartori [115], who proposed the following empirical equation 
developed by him is, 
          
         (4.90) 
In Sartori’s proposed equation as a       term is the decay in wind speed along the length of 
the plate due to roughness. As we are considering the available energy, thus omitting the       
term . As a result the convective heat transfer coefficient becomes  
                    
    (4.91) 
The total input convection heat transfer over the flat plate would therefore be 
               
              (4.92) 
Condensation observed to occur on the absorber plate, especially in hot and humid climates 
such as Singapore. This phenomenon is observed in an evaporator-collector set up when the 
plate temperature is lower than the dew point temperature.  
In climates, where the dew point temperature is lower than the plate temperature, 
condensation would not occur, thus 
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                 (4.93) 
 
When the dew point temperature is higher than the plate temperature, the condensation heat 
transfer coefficient is 
 
      
            
        
 (4.94) 
The total input condensation energy is a function of the rate of condensation, and the latent 
heat of condensation of water vapor on the flat plate solar collector, which can be calculated 
using the following equation: 
               (4.95) 
From , Stoecker  and Jones [105] we have : 
 
   
  
   
 (4.96) 
 






Thus the total input energy are, 
 
                            












                        





The input energy is absorbed by the refrigerant in the SEC. At the inlet of the of SEC , the 
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refrigerant is in liquid phase and then changes phases by capturing the latent heat from the 
renewable sources and lastly , at outlet it is superheated vapor . In the SEC, both inlet and 
outlet temperature and pressure are measured which gives the enthalpies at those positions. 
From the enthalpy, the absorbed/useful energy is calculated by the following equation: 
  inoutrefuseful hhmQ   (4.98) 
 
   
The final collector efficiency equation for evaporator collectors with a plate temperature 
lower than ambient temperature would be  
  











4.2.7 Thermostatic Expansion Valve 
The thermostatic expansion valve is used to bring the pressure and temperature of the 
refrigerant from a high pressure and high temperature state to a low pressure and low 
temperature state. The expansion valve is also used to regulate the flow rate of the refrigerant 
to control the level of superheat and to ensure complete condensation of the refrigerant in the 
evaporator collector. 
An isenthalpic expansion process is assumed for the thermostatic expansion valve as there is 
no heat or work input or output, given as 
           (4.100) 
4.2.8 Pressure drop of refrigerant  
There are three major types of pressure drops , viz : 1) Frictional pressure drop, 2) Momentum 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 99 
 
pressure drop, and 3) Gravitation pressure drop. Minor losses such as pressure drop in bends are 
also taken into account. Bend losses in two-phase flow region are found to be very significant 
compared to other losses. Both two-phase and single phase vapor pressure drops are considered 
using the above losses. 
4.2.8.1  Frictional Pressure Drop 
Frictional Pressure drops are dependent on the Flow Patterns. 
     Assumption: This flow is assumed as “Separated-Flow-Model” 
Three correlations are presented here. They are 1) Lockhart-Martinelli correlation,  
2) Friedel correlation and 3) Chisholm correlation.  
The following parameters are introduced to apply for all kinds of pressure drop 
correlations. 
a) Equivalent Reynold no. 
b) Friction Factor 
c) Equivalent Pressure Gradient 
d) Parameters X and Y 
e) Two-phase multiplier L
2
  
(a) Equivalent Reynold numbers:[116] 
The values of vapor quality “x” are obtained from  Equation (4.62) for different nodes 
   









Re                                                  (4.101) 
 




Re                                                   (4.102) 
                               





Re                                                     (4.103) 
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Re                                          (4.104) 
where the subscripts  l, g, lo, go refer , respectively, to the flow of the liquid phase alone in 
the channel, gas phase alone, the total flow having liquid properties and gas properties. 
(b)Friction factors using Blasius equation for simplicity [116] 
     25.0Re079.0  llf     (4.105) 
 
                  
25.0Re079.0  ggf           (4.106) 
 
               
25.0Re079.0  lolof         (4.107) 
 
                                                            
25.0Re079.0  gogof                      (4.108)
          
 
(C) Equivalent Pressure Gradients: [116] 

















    (4.109) 
















    (4.110) 


































           (4.112) 
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(d) Parameters X and Y 
For Martinelli’s correlation [116] 






















           (4.113) 






















              (4. 114) 
 
(e) Two-phase multiplier L
2
  








     (4. 115) 
where Xtt is the Martinelli Parameter and C is an empirical parameter given by Chisholm, 
C=20 for both liquid and gas are flowing with turbulent. 
 
(I) Lockhart – Martinelli correlation 
























          (4. 116) 
 
where the bracket term on the right hand side represents the pressure gradient flowing liquid 
alone in the tube.  
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The required total frictional pressure drop along the two-phase tube length for any case can 















           (4. 117) 
where “m” is the end node of two-phase flow 
Two-phase pressure drop in not predicted closely using Lockhart-Martinelli correlations but it 
is widely used. 
(II) Friedel correlation: 























 2     (4. 118) 
























22)1(              (4. 120) 
 













































     (4.123) 
where Two-phase density correlation 
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      (4.125) 
The above correlation is satisfied for vertical upward flow and horizontal flow. As the 
experiment model is nearly horizontal flow case, this correlation could be used. 
(III) Chisholm correlation: 






















 2     (4.126) 
 
Two-phase multiplier for this case is of the form 
 
                          
 )2(2/)2(2/)2(22 )1()1(1 nnnlo xxxBY                          (4.127) 
 













      (4.128) 
Using Blasius equation with n = 0.25 gives 
                                
 75.1875.0875.022 )1()1(1 xxxBYlo                           (4.129) 
 
4.2.8.2 Momentum ( Acceleration ) Pressure Drop 
Momentum pressure drop has been derived in [110] which gives the correlation. 

































                          (4.130) 
The total momentum pressure drop will be 
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        (4.131) 
 
4.2.8.3 Gravitation Pressure Drop 
Using the derived equation [110] which gives the relationship 












1sin                    (4.132) 
where θ is inclination angle with respect to horizontal plane.( Positive for up ward flow ) 
Similar as above , the total gravitation pressure drop can be developed 


















                    (4.133) 
 
4.2.8.4 Pressure Drop in Bends 
Pressure drop in bends [110] is considered only at the locations of Bends. There are 30 
numbers of 90
0 
bends at different locations along the tube.  
Chisholm and Sutherland (1969) recommended the following equations to predict the 
pressure drop in a bend. [117] 







                (4.134) 
                                                    
22 1 ttttg XCX                 (4.135) 
                                                    
  llbendtp PP 
2
                           (4.136) 
                                                   
  ggbendtp PP 
2
                                      (4.137) 
where  lP  pressure drop for liquid flowing alone in the bends. 
They recommended that  C  can be calculated from 
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2                  (4.138) 
 
 
                                  where   
eqL
D
C 3512   for 90
0
 bend             (4.139) 
                                    and  
eqL
D
C 2012   for 180
0
 bend             (4.140) 
where Leq = equivalent straight length of bend tube. 
 
4.2.8.5 Pressure Drop in single vapor phase region 
Consider the rest of the flow which is flowing vapor alone at the end portion of the tube after 
refrigerant is fully dried . It will not appear in some cases when the refrigerant leaves the 
tube with two-phase at the exit. In this single phase vapor region, there are friction, 
acceleration, gravitation and bend pressure drops. Among these pressure drops, acceleration 
and gravitation pressure drops are negligible compared to pressure drop due to friction and 
bends. Thus, single phase pressure drop in vapor region can be simplified as 
                                                     bvfvv
PPP            (4.141) 
Where Pv-f is the pressure drop due to friction and Pv-b is the pressure drop in bends, both 
are in single phase vapor region. 











   (4.142) 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 106 
 














               (4.143) 
and friction factor f using Petukhov equation by Incropera [108] 
                                     
62 105Re3000)64.1Re79.0( xforLnf DD 
       (4.144) 
where Reynold no. ReD has the form 





Re                      (4.145) 
Next, pressure drop in bends 





KNP                                 (4.146) 
where Nv-b is the no. of bends flowing by single phase vapor region and which is obtained by  
                                                              btpbv
NN   30         (4.147) 
where Ntp-b is the no. of bends in two-phase region of the tube and Kl is the loss coefficient, 
which is estimated by reading the Figure 4.12 by Vennard J.K [118]. The radius of curvature 
for bend ( R ) is 50mm and internal diameter of the tube (d)  is 8mm, which gives R/d = 
6.25. From Figure 4.12,   Kl = 0.2385 for the angle of bend () is 90
0
 in. 
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Figure 4.12 Loss coefficient for smooth bends [118] 
 
4.2.8.6 Total Pressure Drop 
Total pressure drop is the sum of the above calculated pressure drops. 
 
                        
 vbvfvtpbendgravmomfricttotal PPPPPPP )()(     (4.148) 
4.2.9 Liquid solar collector 
The liquid solar collector used to preheat the feed water has a single glazing, with an 
aluminium plate as the absorber. The collector is of parallel tube-type, with seven riser tubes 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 108 
 
positioned in parallel with the collector’s length. Several assumptions are made to model the 
collector: 
1. The collector is operating in steady-state condition. 
2. The headers do not affect the thermal process and efficiency of the collector. 
3. There is a uniform flow of water inside the tubes. 
4. Heat flow is one dimensional, from the covers to the insulation. 
5. Collector properties are independent of temperature. 
6. The solar radiation falling on the cover is of uniform value. 
 
The useful energy absorbed by the water, in terms of its inlet and outlet temperature is 
expressed as: 
                                                      
)( ,,, inwoutwwpwu TTcmQ                       (4.149) 
 
The useful energy delivered from the collector to the water can be expressed through the 
Hottel-Willier equation : 
                                                       
 )()( ainLCRu TTUIAFQ          (4.150) 
 
Overall heat loss coefficient, UL, of the collector is a function of the top, bottom, and edge 
losses. Edge losses are usually negligible for a well designed collector [110], thus, the overall 
loss becomes: 
                                                                      BTL UUU                                             (4.151) 
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Where N is the number of glass covers. Several other correlations were simplified to fit the 
equation (4.107). These are: 
  Nhhf pww 07866.011166.0089.01     (4.153) 
                           
 pTe /100143.0           (4.154) 
                       
2000051.01520 C          (4.155) 
 For 0° < β < 70°. For 70° < β < 90°, use β = 70° 
The bottom loss coefficient, UB, is defined as: 
     t
k
UB       (4.156) 
 
With k is the thermal conductivity of the insulation material, and t is the insulation’s 
thickness. 
The collector heat removal factor, FR, is a quantity that relates actual useful energy gain of a 
collector to the useful gain if the collector surface is at liquid inlet temperature. This value 
can be expressed as [110]: 
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     (4.157) 
With F’ is the collector efficiency factor: 

























   (4.158) 
 
Where Do is the tube outer diameter, and W is the distance between the centre of two tubes, as 
shown in Figure 4.13. 
 
Figure 4.13. Cross section of solar collector 
 The fluid heat transfer coefficient, for single phase condition, is determined from Dittus-
Boelter equation: 





h 33.08.0, PrRe83.0     (4.159) 
And Cb is the bond conductivity: 
 
     
bk
C bb       (4.160) 
Do 
δ W 
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With kb is the bond thermal conductivity, b is the bond’s width, and γ is the bond average 
thickness. 
The function F in equation (4.158) is the standard fin efficiency. It is described as: 
 











     (4.161) 
 
                                                        Where kUm L /  
4.2.10 Coefficient of Performance 
The coefficient of performance for the system shows the ratio of the change in heat energy, 
compared to the work input. There are two main system COP for the solar assisted heat 
pump, the heating COP and the cooling COP. The heating COP determines the change of heat 
energy in the condensers compared to the work input, is as follows 
 
        
     
     
 
          
          
 (4.162) 
The cooling COP, which determines the change of heat energy in the evaporators compared 
to the work input, is as follows 
 
        
     
     
 
          
          
 (4.163) 
4.2.11 Performance Ratio 
PR is defined as the amount of distillate produce per 2326 kJ of heat input or number of 
pounds of distillate produce per 1000 Btu of heat.  The value 2326 kJ reflects the theoretical 
amount of energy needed to evaporate one kg of water. A higher PR indicates higher distillate 
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  (4.164) 
 
4.3 Economic Analysis 
The feasibility of a solar energy system is determined not only from its performance but also 
from an economic analysis, which must be carried out to evaluate its performance. Usually, 
solar energy systems require an initial high investment followed by a low maintenance and 
operation costs .Therefore, an optimization to determine the system’s feasibility is crucial. 
In general, all components of a solar energy system will affect its performance and also its 
cost. However, in practice, the problem is often reduced to observe the most influential 
parameter of the system. As in all solar energy systems, the collector’s area is the most 
sensitive variable to affect the system’s performance. Therefore, in the analysis, the change of 
solar collector area is chosen as the driving parameters of the optimization. The economic 
Figure of merit used in the economic optimization is the payback period, as it shows how 
soon the initial investment can be returned by accumulated fuel savings [119]. Other than the 
payback period, other economic figures of merit commonly used in analyses are the 
annualized cost and the life cycle savings, as these two shows the costs and savings obtained 
from operating the system. Within this condition, several economic parameters are taken into 
account. These parameters include the life cycle of the system (n), fuel cost (CF), fuel 
escalation rate (e), discount rate (i), and inflation rate (j). 
Annualized cost is the yearly cost of the system, including the cost of auxiliary energy, 
maintenance, and operation. It is expressed as [120]: 
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),'(                (4.165)                                                                   
where CA is the annualized cost, CRF is the capital recovery factor, QA is the auxiliary energy 
consumption, CM and CO are maintenance and operation costs. It is important to notice that 
collector area related cost, CS , is constructed of costs dependent and independent of 
collectors. 
       IDS CACC                                 (4.166) 
Where  
         TCD bCCC                                       (4.167) 
Auxiliary energy is defined as the difference between energy demand and energy supplied by 
solar radiation. 
             SDA QQQ                                       (4.168) 
 
The capital recovery factor, CRF, is defined as: 
 


































C                              (4.169) 
 
It can be seen that CRF is a function of discount rates. Other than a regular discount rate, an 
effective discount rate and a fuel effective discount rate are also considered. 
 
Effective discount rate is defined as: 
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                                      (4.170) 
And, effective discount rate for fuel is defined as: 
 















                                           (4.171)                                                        
Payback period is the minimum length of time needed for the system to be fully paid through 
the savings obtained from using solar energy. It is described by [120], as: 






















           (4.172) 
 
 
Where xpp is defined as: 














                              (4.173) 
 
4.4 Simulation Algorithm 
To determine the thermal performance of the system, individual sub files of the components 
are developed for simulation. Using NTU- ε method, useful heat transfer is determined, while 
output enthalpy and output temperature of the refrigerant are derived for each components.  
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The following is an overview of the simulation algorithm: 
1. Input condition such as month, start time, end time, compressor running frequency, 
and inlet temperature of refrigerant at compressor. 
2. Based on the input conditions, the program will calculate the meteorological data, 
such as wind speed, relative humidity, solar radiation and ambient temperature.  
3. The compressor subroutine will calculate compressor work, refrigerant mass flow-
rate, and outlet temperature of refrigerant. 
4. Next, the condenser coil subroutine will determine the heat transferred that took place 
in the condenser coil and the output temperature of refrigerant from the condenser 
coil. 
5. Assuming water inlet temperature to be ambient temperature, the water condenser 
subroutine input the refrigerant inlet temperature and calculates the heat transferred in 
the water condenser and outlet temperature of refrigerant. 
6. The air condenser subroutine will calculate the heat transferred taken place in the air 
condenser and outlet temperature of the refrigerant at the exit of the air condenser 
coil. 
7. Expansion valve subroutine will determine the quality of the refrigerant, which will 
becomes the input value for evaporator collector, liquid collector and cooling coil. 
8. Cooling coil sub-routine will determine the heat transferred taken place at the cooling 
coil and calculate new quality of outlet refrigerant and outlet temperature of the 
refrigerant. 
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9. Evaporator collector sub-routine will input the meteorological data calculated at the 
start of the program, and determine the efficiency of the collector plates, useful energy 
gained, and outlet temperature of refrigerant and new quality of the outlet refrigerant. 
10. Likewise, the air-evaporator subroutine will calculate the heat transferred taken place 
in the air-evaporator, outlet temperature of refrigerant and the new quality of 
refrigerant. 
11. Refrigerants leaving the evaporators are mixed, the new temperature of mixed 
refrigerants are calculated and compared to the input inlet temperature. If the 
refrigerant temperatures tally, the program will display all the desired values and the 
results are saved into MS Excel format. Else, the new refrigerant temperature will be 
input for calculations from step 3 until the input refrigerant equates with the mixed 
refrigerant temperature. 
12. From input start time to end time, the program will perform in loop systems to 
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Input Operating System Period 
Calculate Meteorological Data 
Assume Tri (input temperature into compressor 
 
Compressor Model 
Condensing Coil Model 
 
Air Condenser Model 
Evaporator Collector Model Cooling Coil Model Room Evaporator Model 
New Tri (Temperature output from evaporator) 




 input month of the operation 
 input range of operating time 
 calculation based on 1 hour 
intervals 
 print data at every 1 hour interval 
1 hour increment in Time 
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4.5   Error Analysis 
According to Moffat [121], uncertainty analysis of any proposed experiment can pay big 
dividends in the planning stage itself of an experiment, providing guidance for both the 
overall plan and for the execution of the details. The term “uncertainty analysis” or “error 
analysis” refers to the process of estimating how great an effect the uncertainties in the 
individual measurements have on the calculated result. 
If the result R of an experiment is calculated from a set of independent variables so that,
 NXXXXR .,..........,, 321 . Then the overall uncertainty can be calculated using the 
following expression [122]: 


































                               
(4.174) 
and the relative uncertainty can be expressed as follows: 








































                       (4.175) 
This uncertainty is involved with independent uncertainties. The errors are in below tables: 
Table  4.1  :    Fixed error of sensors based on calibrated data 
       Sensor Percentage error (%) 
Load cells 85.3  
Anemometer 2.4  
Thermocouple 72.1  
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 Table  4.2   : Fixed error of sensors based on manufacturer’s specification 
Sensor Percentage error (%) 
Relative humidity transmitters 85.5  
Electronic weighing scale 1.0  
Pyranometer 0.1  
Pressure transducer 25.0  
Level gauge ±0.05 m
3
/hr 
Flow meter 025.0  
    
Error analysis for fresh water production 
The fresh water uncertainty analysis has been measured by two ways. 
i) Using flow tantalizer 
By taking the difference of feed flow rate (Qf) and rejected brine flow rate (Qb), fresh water 
production rate (Md) has been calculated. This can be expressed by following relation: 
 )( bfd QQM  
















































                                                
     5.022 bfd QQM                                      (4.176)                                                                  
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By inserting the corresponding value in the above equation, the uncertainties in measuring the 
fresh water production rate is, 
δMd = 0.2121 kg/hr 
















Where Md  is the fresh water production rate in kg/hr for a particular run. 
For a particular run, when the fresh water production rate is 20 kg/hr, the error in 
measurement is ± 1.06%. 
ii) Using level difference 
The fresh water production (Md) has also been calculated from the level difference (L) in the 

















Where, D = diameter of the feed tank = 0.7 m 
             L = Level difference in the feed tank after one hour of operation. 
             ρ = density of seawater 
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                    (4.177) 
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Where, 
jD = Measurement error in tank diameter set by the manufacturer = ±0.002 m. 
jL = Uncertainties in measuring the water level = ±0.005 m 
Inserting the values of D,  jD, L, jL and  ρ  in equation, uncertainties in measuring the fresh 
water production rate can be found. 
% error in fresh water production is  
















For the heating medium temperature variation experiment, ΔTh of 18.5
0
C produces 37.72 
kg/hr of fresh water. (L = 0.098 m) 
Error for this measurement, 
δMd = 0.2889 kg/hr 
% error = 0.766  
Error analysis for performance ratio 
The performance ratio for any experimental run in the system is determined by the equation 
below: 




PR 2326  












Here, QH represents heating medium flow rate and THI, THO represent the heating medium 
inlet and outlet temperature respectively.  
Functional dependence of the PR can be expressed by the following equation, 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 122 
 
                                                    
),,,( HOHIdH TTMQfPR  
If the uncertainty involved in calculation of PR is δPR, then it can be expressed by, 
































































PR     
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Here, 
δMd = Uncertainty in vapor production from equation  
δQH = Uncertainty in heating medium flow rate = ± 0.0025 m
3
/hr. 
The error involved in the measurement of temperature δT can be determined as, 




1 )( TTT    
Where δT1 is the fixed error in the measurement of temperature which is ± 1.72
0C and  δT2 is 
the random error which can be determined from the standard deviation of the population of 
measured data as 
























T    
 Where T  is the mean of the population of measured data and N is the population size. 
For heating medium temperature variation experiment of corrugated tube-bundle ,  
Md = 20.78 kg/hr,   L = 5.4 cm, QH = 3.5 m
3
/hr,  THI (average) = 53.12
0
C  
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THO (average) = 48.21
0
C, 
                                                              δMd = 0.1578 kg/hr       
 
For the measured temperature set of THI (15 sets), 
δT1 = ± 1.72






For the measured temperature of THO; 
δT1 = ± 1.72







δPR =  5.06 % 
Error analysis for experimental overall heat transfer co-efficient 
Overall heat transfer coefficient (U) for any particular run of the experiment is determined by 
the following equation, 





































Here, THI , THO are the heating medium inlet and outlet temperature and Tf is feed water inlet 
temperature. Ts saturation temperature in the evaporator. QH is heating medium flow rate. 
The functional dependence of overall heat transfer co-efficient can be represented in the 
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following form, 
),,,,( fSHOHIH TTTTQfU   
















































































                                                                                                                                          (4.179)                                                                                                                            
The calculation procedure is the same as error analysis of performance ratio. 
The uncertainty for overall heat transfer coefficient ranges between 3-5% for experimental 
results.    
Error analysis for moisture content 
The moisture content on dry basis as the ratio of the weight of moisture, mW  to that of bone 
dry weight, dW . 

























































                                (4.180)                                         
Now the relative uncertainty associated with the measurement of moisture content of sample 
can be expressed: 











































e                            (4.181)                                 
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Now let us bring an example related to the present work considering the following the typical 
experimental values of the grain, which is to be dried in the drying chamber. The following 
values are obtained from the weighing scale, whose error as per the manufacturer’s 
specification is given in the table 5.2 above as 0.1%. 
Now considering the values of the variables in the equation (4.171) as follows: 
                                                                 kgW 0.1          and       
                                                              kgWd 8726.0  
As these two values are obtained using the weighing scale, the following variables in 
equation (4.170) are also considered as follows: 
                                                         001.0 dWW  
Substituting the values of all these variables in equation (4.171) to evaluate the relative 
uncertainty, me , in obtaining the moisture content of the grain to be dried, the value is found 
to be %2.1 . 
For experiment on the condition of compressor speed=700RPM, collector inlet temperature, 
T=5 
o
C, collector outlet temperature, T=40 
o
C, collector inlet pressure, P=0.4 Mpa, collector 
outlet pressure, P=0.35 Mpa, collector inlet enthalpy, h=248 kJ/kg, collector outlet enthalpy, 
h=419 kJ/kg, mass flow rate m= 0.025 kg/s , the  errors for solar collector efficiency and 
Coefficient of Performance are represented in Table 4.3. 
Table 4.3:  Tabulation of various errors 
Values Errors 
c  0.89 ±2.9% 
COP 6.48±5.1% 
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CHAPTER 5     RESULTS AND DISCUSSION 
The performance of the system is evaluated by experiment. The different parameters of the 
system are carefully chosen to perform a detailed system analyses. These parameters are 
categorized into two: process and performance parameters. The important process parameters 
that are considered are: solar irradiation, ambient temperature, and compressor frequency. 
The performance parameters that are studied to evaluate the system are: Collector efficiency, 
Distillation rate and Coefficient of Performance (COP).   
5.1 System Performance  
5.1.1 Meteorological condition of Singapore 




E], the main characteristic features 
of the climate of Singapore are uniform temperature, high humidity and abundant 
rainfall[101].  
 
Figures 5.1.1.1 and 5.1.1.2 show the values of solar radiation, wind speed, ambient 
temperature, and relative humidity of Singapore in September 2010. It can be seen that the 
temperature generally reaches around 30 °C, with the maximum value is at 35 °C and the 
lowest at around 27 °C.  Wind speed varies from around 1 to 3 m/s, with relative humidity 
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Figure 5.1.1.1: Values for solar radiation and ambient temperature (13, September 2010) 
Figure 5.1.1.2: Values for relative humidity and wind speed (13, September 2010) 
 
 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 128 
 
5.1.2 Desalination 
In the Solar Assisted Heat Pump system the desalination is obtained by single stage MED 
(Multi Effect Distillation) technique. For MED, it is required to have a heating and cooling 
unit . The heating unit is connected in the condenser side and cooling coil is connected in the 
evaporator side of the heat pump. 
Figure5.1.2.1, demonstrates water production rate with time, where desalination rate 
increases with the increase in radiation and then, as time passes, it attains a steady value of 
about 9.6 kg/hr. As can be seen from Figure 5.1.2.1, at the initial part of the day the 
desalination increases with radiation. After mid day radiation falls but desalination rate 
remains the same as the heat pump captures heat from the ambient both by solar evaporator 
collector and by room air-con. 
 
Figure5.1.2.1Variation of Water desalination and solar radiation with time 












































Wat. Prod(Kg/hr) Radiation(W/m2) 
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intensity increases and energy is absorbed in solar collectors, enhancing the performance of 
the system. 
 
Figure 5.1.2.2: Distillate production vs solar irradiation (25Hz) 
Distillate production generally increases with increasing solar irradiation as seen from Figure 
5.1.2.2 . From the polynomial trendline, we observe that distillate production is almost level 
for low solar irradiation and starts to rise significantly after 200 W/ m
2
. From Figure 5.1.2.3, 
distillate production also increases with increasing Qin, where Qin is the work input into the 
system by the compressor and the preheater. The trend shown for 30Hz experiments is also 
more linear. 
 
  Raw Data  Smooth Data  Poly Line 
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Figure 5.1.2.3 Distillate production vs Qin (30Hz) 
Variation of Performance Ratio (PR) 
Performance Ratio (PR) is defined as the amount of distillate produced per 2326 kJ of heat 
input. A liquid solar collector was used to preheat the feed water, and an electrical heater was 
used as a booster should there be not enough solar radiation to heat the water. With higher 
solar radiation, the liquid solar collector will absorb more heat, thus increasing the 
temperature of feed water entering the chamber and increasing the value of PR as observed in 
Figure 5.1.2.4  
 
 
Raw Data  Smooth Data  Poly Line 
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Figure 5.1.2.4: Variation of Performance Ratio and solar irradiation with time 
The Performance Ratio (PR) generally varies from 0.8 to 1.1. The highest recorded PR is 
around 1.2. As shown in Figure 5.1.2.4, PR increases as solar irradiation increases. PR is 
defined as the ratio of distillate production to the energy input. As solar irradiation increases, 
there would be more energy available at both evaporator collectors and liquid solar collectors. 
As a result less electrical energy input is needed by the preheater for heating the water to 
desired temperature. COP increases with solar irradiation intensity as well. COP is a measure 
of efficiency of the heat pump. A higher COP represents a more effective of energy input to 
the system. The overall effect is the increase in PR due to increase in distillate production and 
more effective energy usage.  
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Figure 5.1.2.5 PR vs solar irradiation (30Hz) 
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Figure 5.1.2.6 PR vs Qin (25Hz) 
 
Here, Qin = Compressor work + Preheater work 
Graphs based on 25Hz experiment data show a greater correlationship of PR values against 
both solar irradiation and total energy input in comparison to R
2
 values for 30Hz 
experiments. This shows that at 25Hz, solar irradiation has a more direct influence on PR 
while at the higher compressor speed of 30Hz, when mass flow rate of the refrigerant is 
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The results also show that there is a greater correlationship for PR against solar irradiation 
than PR against Qin. As the distillate production rate is a function of the solar irradiation 
,hence PR also a function of solar irradiation and the trends in Figure 5.1.2.5 and 5.1.2.6 
show increasing PR with higher solar irradiation. Increase in Qin has two opposite effects, 
one which increases distillate production and hence PR, the other decreasing the calculated 
PR as it is the denominator term. The latter effect is more direct and pronounced, and hence a 
decreasing PR trend is shown with increasing Qin for Figure 5.1.2.7.  
Performance enhancement due to incorporation of liquid solar collector 
In the desalination chamber, a Liquid solar collector was incorporated to preheat the inlet 
water. The efficiency of the liquid solar collector is shown in Figure 5.1.2.8. It can be seen 
that at a relatively stable solar radiation, the collector efficiency is also stable. The collector, 
at 2 m
2
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Figure 5.1.2.7: R
2 
values of PR graphs plotted 
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Figure 5.1.2.8 Change of liquid collector efficiency and solar radiation with time 
 
Figure 5.1.2.9 Performance ratio (30Hz experiments) 
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compressor frequency before and after the incorporation of liquid solar collector. It shows 
that by adding the liquid solar collector, the performance ratio increases by about 0.6.  
The enhancement of PR is mainly due to the great reduction in electrical energy input by the 
electric preheater. This enhancement is even more obvious when solar irradiation is high as 
shown in Figure 5.1.2.5, the liquid solar collector supply most of the energy and sometime, 
the preheater does not need to be switched on. The distillate production is similar but electric 
energy input is greatly reduced. 
In the definition of PR, in the denominator Qin is that energy input which involves cost. 
Hence, in the project Qin is the summation of compressor energy and preheater electric 
energy. However, if the solar energy is considered the PR comes in the range of 0.75 to 0.9 as 
shown in Figure 5.1.2.10. 
 
Figure 5.1.2.10 : Performance Ratio with considering solar energy as power input 
Desalination by flashing and evaporation 
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condensation occurs initially by flashing and then followed by evaporation. As shown in 
Figure 5.1.2.11, around 25% was obtained by flashing and rest 75% by the condenser coil of 
the heat pump .The experimentally obtained distillate production results were also compared 
with the theoretically calculated values to check the validity of the results, as shown in Figure 
5.1.2.11. Here, the experimental results concur with the theoretical ones, showing validity of 
the model. 
 
                                     Figure 5.1.2.11: Distillate production rates 
Desalination Potential  
In the integrated SAHP system, we have single effect desalination along with water heating 
and drying. If the system is used entirely for desalination the maximum possible production is 
represented in Figure 5.1.2.12 and it is observed that the water production can be as high as 
30 kg/hr. 
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Figure 5.1.2.12: Desalination Potential with time 
5.1.3 Water heating 
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Figure 5.1.3.1 shows the change in refrigerant temperature at the inlet and outlet of water-
cooled condenser and water temperature in the tank with time using two solar collectors. The 





C in 75 minutes.As seen from the Figure, the outlet refrigerant temperature 
notably increases with the rise of water temperature while the inlet refrigerant temperature is 
maintained at round 90
o
C. It leads to the decline of the temperature difference between the 
inlet and outlet refrigerant with the rise of water temperature.  
The energy analysis is conducted for the data in Figure 5.1.3.2.  As the rise of water 
temperature, the condensing heat released from the refrigerant is declining due to the fact that 
the temperature deference between the inlet refrigerant and water temperature is descending.  
 
Figure 5.1.3.2:  Variation of heating rate with time using two collectors 
Most of the condensing heat is absorbed by water while rest of them is dissipated to the 
ambient. The increase of the gap between the two lines indicates that the energy dissipated to 
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5.1.4 Drying 
After being condensed by water, the refrigerant is further condensed in air condenser to make 
sure that the refrigerant is fully condensed. As seen from Figure 5.1.4.1, the refrigerant 




C as the water temperature in 





With the rise of inlet refrigerant, the gap between the ambient air and heated air is increasing. 
It means that the energy absorbed by air is increasing. The temperature difference between 
ambient air and heated air is up to 7
o









Figure 5.1.4.1:  Variation of temperature refrigerant and air for air condenser 
The energy release by refrigerant to the air for drying is increased with the rise of water 
temperature. When water temperature is 30
o
C, only 0.2kW condensing heat released for 
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5.1.5 Air-conditioning 




C in one hour 
and became stable. In the room evaporator, refrigerant after expansion valve absorbed heat 
from room air and become super-heat status at evaporator outlet. As seen from Figure 5.1.5.1, 
with time both the temperature of refrigerant at the room evaporator outlet and the room 
temperature reduces, because the room evaporator/ Room air-con removes the space heat. 
 
Figure 5.1.5.1Variation of temperature of ambient, room and outlet refrigerant with time. 
Provided the refrigerant mass flow rate and enthalpy difference between outlet and inlet, heat 
absorbed by refrigerant from room air through the evaporator, called evaporating heat, was 
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Figure 5.1.5.2 Variation of room temperature and evaporating heat with time. 
As seen from the figure, evaporating heat of room evaporator decreased from 7.8kW to 





Figure 5.1.5.3 presents the analysis of energy balance in the room evaporator. Evaporating 
heat absorbed by refrigerant was compared with the room cooling load. Room cooling load 
means the heat transfer rate required to change the room temperature as the line presented in 
Figure 5.1.5.3. In the project, a lab room was used for space cooling with people moving. 
Furthermore, the space was not properly insulated. Hence, the cooling load did not follow a 
linear trend. Further observation from Figure 5.1.5.3, energy absorbed by refrigerant is in 
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Figure 5.1.5.3 Energy balance in room evaporator with time. 
5.1.6 Solar Evaporator Collector (SEC)  
In the Solar Assisted Heat Pump system, the SEC is the key component which captures both 
solar radiation and ambient heat. The advantage of SEC over other collectors is that its 
operating temperature is low, enabling heat absorbance 24-hours a day. Solar collector 
performance is evaluated by its efficiency. The efficiency of collectors is most commonly 
computed using the Hottel-Whiller equation. 
For Solar Evaporator Collector (SEC) the efficiency based on the conventional Hottel- 
Whiller equation is shown in Figure 5.1.6.1. The computational efficiency greater than 1 is 
unrealistic and includes only absorption of radiation and a loss term due to convection and 
radiation. Then when the operating temperature is less than the ambient; the loss term 
becomes a net gain. Moreover, the equation does not include absorption of ambient energy in 
the form of condensation.  Therefore, the SEC efficiency equation needs to account for 
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 Figure 5.1.6.1 Variation of Evaporator Collector Efficiencies and Radiation with Time for the 
Hottel-Whiller Equation 
The SEC performance was analyzed using the new model for solar efficiency in Singapore 
climate and the computed values shown in Figures 5.1.6.2 and 5.1.6.3. With the inclusion of 
available heat gain in the efficiency equation, the calculated efficiency is always lower than 1 
and thus is a realistic solution. 
From our experimental results, using the proposed efficiency equation we found the 
maximum efficiency of 0.98 as in Figure 5.1.6.2 and 5.1.6.3. Thus, SEC is an effective means 
to capture renewable energy. It can be also noted that at the start of the day, low efficiency 
occurs due to the low ambient temperature and radiation. As the morning progresses, both of 
them increase, but the rise of radiation is rapid and efficiency follow that trend and reach a 
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resulting in the relatively steady high efficiency of the collector.   
 
Figure 5.1.6.2 Variation of Evaporator Collector Efficiencies and radiation with Time  
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In the SEC, the heat is gained by the refrigerant which goes through the phase change and 
that depends on the high pressure and low pressure in the heat pump circuit. The ambient heat 
gain depends on the temperature difference of the collector with the surrounding. The heat 
gain by the collector is related with (Ti-Ta)/I in Figure 5.1.6.4 and it shows a decline trend as 
the effect of radiation is more than the ambient temperature. 
 
 
Figure 5.1.6.4: Collector Energy absorption with ratio of temperature difference and 
irradiation 
Comparison of SEC with Solar Liquid Collector 
For the Solar Liquid Collector, the Hottel-Whiller Equation is applicable as the operating 
temperature is above the dew point temperature. With this meteorological condition, as 
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irradiation and ambient energy. With the glazing effect, the liquid solar collector managed to 
maintain a relatively stable efficiency of around 50%. The operating temperatures of the two 
collectors are quite different. For the solar evaporator-collector, the refrigerant enters the 
collector at about 6
o
C and absorbs solar energy and ambient energy including heat due to 
water vapor condensation on the collector plate. For the glazed liquid collector, water 
(working fluid) enters the collector at about ambient temperature. Hence, the operating 
temperature of the glazed liquid collector is much higher than that of the evaporator-collector. 
For the liquid collector, glazing is provided to reduce heat losses.   
 
Figure 5.1.6.11 Variation of collector efficiency 
5.1.7 Renewable Energy Absorption  
Renewable thermal energy is absorbed in the evaporator side of the heat pump as shown in 
the figures below 
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Figure.5.1.7.1: variation of evaporator energy absorption against time. 
 
 
Figure.5.1.7.2: Thermal energy absorption by Evaporator side along with the compressor 
It is found that energy absorption at the solar evaporator and room evaporator is almost the 
same. Figure 5.1.7.3 represents the energy rejection at the condenser side, where desalination 
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Figure. 5.1.7.3: Thermal energy rejection. 
5.1.8 Coefficient of Performance (COP) 
The influence of instantaneous solar irradiation on the thermal performance of the 
system is presented in Figure 5.1.8.1 





Condensation Energy Distribution  
Desalination Heating Water Heating Air Condenser 
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It is shown that the fluctuation of COP in system follows the same trend of solar radiation. It 
is caused by the variation of energy absorbed in solar evaporator-collector with the change of 
solar radiation. Generally, an increase in solar irradiation will then increase the COP of the 
system, as shown in Figure 5.1.8.1. COP varies between 5 and 6 throughout the experiment.  
When solar irradiation is higher, the evaporator collector plate temperature increases as more 













Therefore, the higher the evaporating temperature TL, the higher the COP attainable 
theoretically. It is hence desirable to have higher evaporating temperature in a heat pump 
cycle to achieve higher COP.  
Coefficient of performance under different compressor frequency 
  
Figure 5.1.8.2. COP vs solar irradiation (30Hz expts) 
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At 30Hz, COP generally increases with increasing solar irradiation, as higher energy input 
into the system at the evaporators lead to higher heat energy rejection at the condensers. Also, 
with higher solar irradiation the evaporation temperature increases, resulting in a lower 
temperature lift across the compressor. This increasing behavior occurs at 25Hz too.  
  
Figure 5.1.8.3. COP vs Qin trend lines (30Hz, 25Hz) 
COP decreases with increasing amount of electric work input, Qin. The trend lines show a 
steeper curve for 25Hz, which means that the rate of decrease of COP is faster at 25Hz than at 
30Hz. In theory, if the speed of the compressor is higher, the mass flow rate of refrigerant is 
higher, which results in higher compressor work and lower COP. The mass flow rate 
increases from an average of 1 kg/min to 1.2 kg/min when compressor frequency changes 
from 25Hz to 30Hz.   
At higher compressor speed, the refrigerant is driven at a higher flow rate. Higher flow rate 
requires greater work input by the compressor. Also, it is noted that the average temperature 
 
  Smooth Data (25 Hz)  Smooth Data (30 Hz) 
  Poly Line (25 Hz)          Poly Line (30 Hz)          
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across the evaporator collector is lower at higher compressor speed. The evaporating 
temperature of the refrigerant at the evaporator collector is directly related to the COP. The 
lower the evaporating temperature, the lower the COP, as shown below: 









25Hz 10 50 5-6 
30Hz 8 45 5-5.5 
 
Coefficient of Performance (COP) with radiation and ambient temperature  
The relation of COP with radiation and ambient temperature is further analyzed with the 
modeling tool, GRIDFIT [123], which extrapolates a smooth surface from scattered data 
points.  Using MATLAB software from the experimental data, COP = function of ( radiation 
& ambient temperature ) surface is formed as shown in Figure 5.1.8.4. 
From the Figure 5.1.8.4., we can correlate the response of system performance with the 
ambient heat and radiation. The figure shows with low radiation and/or low temperature the 
COP is low as well. The peak COP is found in the rejoin of radiation 700~800 W/m
2
 and 
temperature 30~32˚C. Then with higher radiation and temperature the thermal loss becomes 
prominent and system COP drops.  
Another finding is the slope with respect to radiation is stepper than that with ambient 
temperature. That means, system COP is influenced more by radiation. Furthermore, with 
time and cloud movement radiation varies more compare to ambient temperature. Hence, in 
the Figure 5.1.8.4., fluctuation of COP with radiation is rapid and with ambient temperature is 
steady. 
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Figure 5.1.8.4: Coefficient of Performance (COP) with respect to radiation and ambient 
temperature 
5.2 Comparison of Experimental and Simulation Results 
The mathematical model, which is developed and presented in Chapter 4, is used to predict 
system performance. The simulation results are presented and validated by the experimental 
results in this section.  
5.2.1 Desalination 
Figure 5.2.1.1 shows the water production rate of the system. The average production rate 
was shown to be close to 8 kg/hour. At higher solar radiation, the system yields more water. 
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Figure 5.2.1.1 Comparison of simulated and experimental result of water production 
 
5.2.2 Water heating 
Figure 5.2.21 shows the comparison between the simulation and experimental results of 
condensing heat and water temperature in water condenser with time in the water heating 
process in full mode operation. As seen from the figure, the predicted and measured variation 
in condensing heat and water temperature agree fairly well. 
Both simulation and experimental results indicate that, in full mode, the temperature of the 




C in 75 minutes. 
As the rise of water temperature, the condensing heat released from the refrigerant in water 
condenser declined from 12.5kW to 10.5kW. 
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Figure 5.2.2.1:  Comparison of predicted and measured condensing heat and water 
temperature in water condenser with time 
 
5.2.3 Drying 
Figure 5.2.3.1 shows the comparison between the simulation and experimental results of 
condensing heat and heated air temperature for drying in air condenser with time in full mode 
operation. As seen from the figure, the predicted and measured variation in condensing heat 
and heated air temperature agree fairly well. It is shown by both predicted and measured data 
that, in full mode, the condensing heat in air condenser increases dramatically from 0.5kW to 
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Figure 5.2.3.1:  Comparison of predicted and measured condensing heat and heated air 
temperature in air condenser with time 
5.2.4 Air-conditioning 
The comparison of the simulation and experimental results of evaporating heat absorbed by 
room evaporator for cooling with time in full mode operation is shown in Figure 5.2.4.1. As 
seen from the figure, the predicted variation of evaporating heat was found to be in good 
agreement with measured results. It decreased from 7.8kW to 6.6kW gradually in 80 minutes. 
Figure 5.2.4.2 presents the comparison of predicted and measured variation of room 
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Figure 5.2.4.1 Comparison of predicted and measured evaporating heat in room 
evaporator with time 
As seen from the figure, the predicted room temperature decreases slightly more rapidly than 
the measured result. This might be due to fact that the door opened several times in 
experiment process for people passing in and out, which is not taken into account in the 
simulation, leading to a slightly increase of room temperature. 
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5.2.5 Evaporator-collector 
In Figure 5.2.5.1, measured and predicted useful energy gain, Qu, by the unglazed solar 
evaporator-collector and solar irradiation are plotted against time. Useful energy gain is a 
combination of energy gain from irradiation and the ambient. The contribution of these two 
parts is obtain by simulation analysis and presented in Figure 5.2.5.1 
 
Figure 5.2.5.1:  Comparison of predicted and measured useful energy gain and solar radiation 
with time 
As seen from Figure 5.2.5.1, the energy from radiation Qu_radiation is highly dependent on 
the radiation level. The energy absorbed from the ambient, Qu_ambient, is relative constant 
though radiation has effect on it. When radiation rises the collector plate surface temperature 
also rises, causing the temperature difference between ambient and collector drop  and 
resulting in low Qu_ambient. 
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experimental values in full mode operation. Both of them varied in the range from 2.5kW to 
3.7kW with the change of radiation. 
Unlike the normal solar collector, the amplitude of the fluctuation of useful energy gain by 
this evaporator-collector is less than that of solar radiation. This is because it not only absorbs 
energy from radiation but also from the ambient due to its low surface temperature, leading to 
relatively steady useful energy gain. The two variables; outlet enthalpy of collector tube and 
total pressure drop across the solar collector / evaporator are compared in Figure 5.2.5.2 
 
 
Figure 5.2.5.2 Enthalpy, Solar Radiation vs Time 
The comparison curves between experimental collector outlet enthalpy and predicted 
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changes in predicted and experimental enthalpies were observed according to the fluctuation 
in solar radiation. Although they had the changes, the percentage error lies between ( 0.24 
%). Hence, the predicted in collector outlet enthalpy was found to be good agreement. 
 
Figure 5.2.5.3 Pressure Drops vs Time 
In order to perform the comparison between experimental pressure drop and predicted 
pressure drop, Figure 5.2.5.3 is shown based on experiment time. The predicted pressure 
drop had variation from time to time according to the changes in solar radiation. It was 
noted that predicted pressure drop gave us instantaneous values and it had relation with 
solar radiation. Thus, it was averaged and compared both of the average values and the 
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Figure 5.2.5.4 shows the percentage errors of heat transfer coefficient, useful heat 
gained and vapor quality. These errors were the differences between with and without 
consideration of pressure drop effect. Although the error on vapor quality at the location near 
to the collector tube inlet has much higher error about 4.5 %, while errors on heat transfer 
coefficient and useful heat gained are within the range 0-2.5%. Those curves represent only 
up to the end of the two-phase region of collector tube length. In the analytical model, these 
errors were eliminated by considering the pressure drop effect. 
5.3 Paramedic Analysis of Heat Pump System 
The performance of this solar assisted heat pump water heating, drying and air-conditioning 



















Tube Length (m) 
Fig 5.2.5.4 Percentage Errors vs Tube Length with & Without Press Drop 
H.T.Coeff: error 
Useful Heat error 
Quality error 
T(amb)           = 28.8 C  
T(plate)          = 56.0 C 
T(cond, out)   = 30.9 C  
P(col, in)        = 0.681 MPa 
Flow rate       = 0.00636 L/s 
Solar Radn    = 1067 W/m2 
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of numerical computations have been undertaken. The effect of each parameter on thermal 
performance has been discussed in this section  
Solar Evaporator Collector (SEC) 
The unglazed evaporator-collector is the essential component in this integrated solar heat 
pump system. The system performance is greatly dependent on the evaporator-collector 
performance. Without a glazed cover, this collector is directly exposed to the ambient and is 
obviously more sensitive to the ambient condition such as radiation, ambient temperature and 
relative humidity.  
5.3.1 Heat transfer coefficient and pressure drop of SEC  
 
 
Figure 5.3.1.1 Vapor Quality, H.T.Coeff vs Tube Length 
The characteristic curves for vapor quality and heat transfer coefficient against the 


















































Lps  = 0.00597  L/s 
Ta    = 28.8 C 
Tp    = 56.0 C 
Pc,I = 0.638 Mpa 
S      = 913 W/m2  
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0.00597 L/s, ambient tem 28.8 C, mean plate temperature 56.0 C, collector inlet pressure 
0.638 MPa and solar radiation of 913 W/m
2
. It was found that vapor quality linearly 
increased with the collector tube length. Actually, it was not real straight line because 
thermophysical properties were changed as the pressure drop effect was considered along 
the tube. The heat transfer coefficient curve was found gradually increasing with collector 
tube length to its maximum value and it dropped to a lower value when refrigerant 
approached to its saturated vapor region. 
 















































Tube Length (m) 
H at S=700 H at S=800 H at S=900 H at S=1000 H at S=1100 
X  at S=700 X at S=800 X at S=900 X at S=1000 X at S=1100 
T(amb)         =  28.8 C 
T(plate)        =   56.0 C 
T(cond,out)  =  37.7 C 
P(col,in)       =  0.862 Mpa 
Flow rate     = 0.006 L/s   
S = Solar Radiation (W/m2) 
X = Vapor Quality 
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The multiple vapor quality and heat transfer coefficient curves against the collector tube 
length are also shown in Figure 5.3.1.2 for different solar radiations. The heat transfer 
coefficient curves were plotted in three regions such as liquid phase, two phase and vapor 
phase regions of the refrigerant. In the liquid phase region, heat transfer coefficient of 
refrigerant was a constant value and it dropped to a lower value when it started 
evaporation due to sudden reduction in pressure. When the solar energy transferred to the 
refrigerant, the heat transfer coefficient increased gradually along the collector tube length 
and reached to a maximum value. After that, heat transfer coefficient dropped suddenly to 
a lowest value which gave the vapor heat transfer coefficient. 
 
Figure 5.3.1.3 H.T.Coeff, Useful Heat, Quality vs Tube Length 

















































Mass Flow rate           = 0.0057 L/s 
Mass velocity              = 113.4 L/m2.s 
Ambient Temp            = 28.8 C 
Plate Temp                 = 56 C 
Collector Inlet Press   = 0.664 Mpa 
Collector Inlet Temp   = 36.9 C 
Solar Radiation           = 994 W/m2 
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Figure 5.3.1.3. That curve was plotted using fixed input variables such as mass flow rate, 
ambient temperature, solar radiation, etc. to simulate the system. Total heat gained was 
found to have a linear relationship with the length of collector tube in two phase region. 
When the solar radiation changed, there would be changes in total heat gained. It was 
noted that the rate of total heat gained was found to be lower in vapor region than two 
phase region. 
 
Figure 5.3.1.4 Two-phase flow Characteristic vs Tube Length 
Figure 5.3.1.4 shows the heat transfer coefficient, useful heat gained and vapor quality 
against the tube length with pressure drop effect consideration and without pressure drop 
effect consideration. Those values with pressure drop case are higher than without pressure 
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Useful Heat w/p_d 
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T(plate)          = 56.0 C 
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Folw rate       = 0.00636 L/s 
Solar Radn    = 1067 W/m2 
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in heat transfer coefficient curves that the case with pressure drop reaches saturation point 
earlier than the case without pressure drop. It is because of less enthalpy is needed at reduced 
pressure condition in P-H diagram as in Figure 3.2 
 
Figure 5.3.1.5 Press Gradients vs Tube Length 
 
As shown in Figure 5.3.1.5 friction, momentum and gravitation pressure gradients are 
presented. We use three different correlations to find frictional pressure gradient, such as 
Lockhart-Martinelli, Friedel and Chisholm correlations. These pressure gradient curves are 
to estimate the total pressure drop. The simulation results using Lockhart-Martinelli 
correlation and Chisholm correlation were found that the curves increased with increased 
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collector tube outlet. However, the frictional pressure gradient using Friedel correlation 
increased approximately linearly with collector tube length until the refrigerant reached 
near to tube outlet, after that it dropped. Figure 5.3.1.6 represents the characteristics curve 
of the solar evaporator showing the effect of radiation and flow rate to collector efficiency, 
heat gain, heat transfer coefficient and pressure drop. 
 
Figure 5.3.1.6: Solar evaporator collector characteristic curve 
5.3.2 Effect of refrigerant flow rate on SEC Performance 
The analysis of SEC in different refrigerant mass flow rate is presented in this section.  
Variation of vapor quality with tube length in different refrigerant mass flow rate is presented 
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Figure 5.3.2.1 Variation of vapor quality with tube length for different refrigerant flow rate. 
The point at which vapor quality becomes 1 is the point of the end of two-phase flow. As seen 
from the figure, the increasing rate of vapor quality in the tube is greatly affected by the 
refrigerant mass flow rate. The higher refrigerant mass flow rate is, the longer length of two-
phase flow is. 
Variation of heat transfer coefficient inside the tube with tube length in different solar 
radiation is presented in Figure 5.3.2.2.As seen from the Figure 5.3.2.2, the heat transfer 
coefficient increase with the rise of vapor quality in two-phase flow and dramatically dropped 
in single-phase region. The higher is the refrigerant mass flow rate, the higher the heat 
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Figure 5.3.2.2 Variation of heat transfer co-efficient inside the tube with tube length for 
different refrigerant flow rate. 
 
Figure 5.3.2.3 Variation of useful energy gain with tube length for different refrigerant flow 
rate. 
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different refrigerant mass flow rates. As seen from the figure, the total useful energy gain 
increases in almost the same manner for different refrigerant mass flow rates in the two phase 
region.Variation of collector plate surface temperature with tube length in different mass flow 
rate is presented in Figure 5.3.2.4. 
 
Figure 5.3.2.4 Variation of collector plate surface temperature with tube length for different 
refrigerant flow rate. 
As seen from the figure, the plate surface temperature increases greatly, caused by the 
increase of refrigerant temperature in single phase flow. 
5.3.3 Effect of solar radiation on SEC performance 
The effect of solar radiation on collector performance is analyzed in this section. Results of 
different parameters for the mass flow rates of 0.009kg/s, 0.012kg/s and 0.015kg/s are 




. The other 
conditions are chosen as : Ambient Temperature=30
o
C, Wind Speed=3.5m/sec, Relative 
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As indicated in Section 5.3.1, the collector performance is mainly determined by the length of 
two-phase flow, Z0. Figure 5.3.3.1 presents the length of two-phase flow against solar 
radiation for different refrigerant flow rate. It should be noted that the maximum of the length 
of two-phase flow is the total tube length, which is 30m. 
 
Figure 5.3.3.1 Variation of length of two-phase flow with solar radiation for different 
refrigerant flow rate  
As seen from the figure, with the rise of radiation, the length of two-phase flow, Z0, 
decreased gradually, because of the rise of useful energy gain per unit tube length. It is also 
noted that, the higher mass flow rate, the longer length of two-phase flow. It can be attributed 
to the fact that higher mass flow rate causes more heat gain requirement for same vapor 
quality enhancement of the refrigerant.  
The effect of radiation and mass flow rate on the collector performance is further analyzed in 
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Figure 5.3.3.2 Variation of total useful energy gain with solar radiation for different 
refrigerant flow rate. 
As seen from Figure 5.3.3.2, for a certain mass flow rate, the useful energy gain increased 
with the rise of radiation, which is also presented and discussed in Figure 5.3.1.3. The lower 
mass flow rate, the faster useful energy gain increasing rate. 
The differences of the useful energy gains for different mass flow rates in low radiation 
condition (I < 300W/m
2
) is less than that in high radiation conndition (I > 600W/m
2
), as seen 
from Figure 5.3.3.2. It can be explained by the facts that the ratios of length of two-phase 
flow to total tube length(30m) for different mass flow rates in low radiation condition are 
equal or close to 1, as seen in Figure 5.3.3.1, and the useful energy gains for different mass 
flow rates in two phase flow region are almost same, as described in Figure 5.3.2.3. 
As we know, the total useful energy gain of evaporator-collector consists of two parts: energy 
gain from radiation and energy gain from ambient. These two parts for different mass flow 
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Figure 5.3.3.3 Variation of energy gain from radiation with solar radiation for different 
refrigerant flow rate. 
The energy gain from radiation, Qu_rad, increases with the rise of radiation, as seen from 
Figure 5.3.3.3. The mass flow rate has little effect on Qu_rad.However, the energy gain from 
ambient for different mass flow rate conditions decreases with the rise of solar radiation, as 
seen from Figure 5.3.3.4. It is caused by the rise of plate temperature in single phase flow 
region as a result of rise of radiation, as presented in Figure 5.3.1.5.  
The energy gain from the ambient increases with the rise of mase flow rate, leading to the 
increase of length of two-phase flow, where the plate temperature is almost constant and 
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Figure 5.3.3.4 Variation of energy gain from ambient with solar radiation for different 
refrigerant flow rate. 
The results above point to the conclusion that solar radiation has a positive effect on the 
energy gain from radiation and negatvie effect on the energy gain from ambient. It makes the 
total useful energy gain relatively stable in different radiation conditions, as described in 
Figure 5.3.3.2. 
5.3.4 Effect of ambient temperature on SEC performance  
The effect of ambient temperature on collector performance is analyzed in this section. 
Results of different parameters for the mass flow rates of 0.009kg/s, 0.012kg/s and 0.015kg/s 





The lengths of two-phase flow for different refrigerant mass flow rate are plotted against 
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Figure 5.3.4.1 Variation of length of two-phase flow with ambient temperature for different 
refrigerant flow rate  
As seen from the figure, the length of two-phase flow slightly decreases with the rise of 
ambient temperature. It can be attributed to the fact that higher ambient temperature causes 
higher temperature difference between ambient and fluid leading to a higher useful energy 
gain from ambient.  
For a specific value of ambient temperature, the length of two-phase flow increase when 
mass flow rate increase. It can be attributed to the fact that higher mass flow rate causes more 
heat requirement for same vapor quality enhancement of the refrigerant. 
The effect of ambient temperature on the collector performance is further analyzed in terms 
of total useful energy gain, as presented in Figure 5.3.4.2. It shows that the total useful energy 
gain increases gradually when ambient temperature increases, resulting in the increase of 
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Figure 5.3.4.2 Variation of useful energy gain from radiation with ambient temperature for 
different refrigerant flow rate. 
The effect of ambient temperature on the total useful energy gain is then investegated in 
terms of energy gain from radiation and energy gain from ambient seperately. These two parts 
energy gain for different mass flow rates are plotted against ambient temperature seperately 
in Figures 5.3.4.3 and 5.3.4.4. 
As seen from Figure 5.3.4.3, the energy gain from radiation, Qu_rad, is stable with the 
variation of ambient temperature. However, the energy gain from ambient, Qu_amb, increase 
rapidly when the ambient temperature increase, as shown in Figure 5.3.4.4.. It indicates that 
the effect of ambient temperature on the total useful energy gain is mainly in the part of 
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Figure 5.3.4.3 Variation of energy gain from radiation with ambient temperature for different 
refrigerant flow rate. 
 
Figure 5.3.4.4 Variation of energy gain from ambient with ambient temperature for different 
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5.3.5 Effect of relative humidity (RH) on SEC performance  
When the plate temperature is lower than the environment dew point, condensation of 
ambient air will occur on the plate surface. Condence water film is formed and condensation 
heat is released by the ambient air and transferred to the fluid. This part of heat gain of 
collector only occur when plate temperature is lower than the dew point. 
The effect of relative humidity (RH) on collector performance is analyzed in this section. 
Results of different parameters for the mass flow rates of 0.009kg/s, 0.012kg/s and 0.015kg/s 
are presented against RH ranged from 10% to 100%.  
Variation of the dew points for different ambient temperature with relative humidity (RH) is 
shown in Figure 5.3.5.1. 
 
Figure 5.3.5.1 Variation of dew point with RH for different ambient temperature  
As seen from the figure, with the rise of RH, dew point increase and reach the value of 
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The lengths of two-phase flow for different ambient temperature are plotted against RH in 
Figure 5.3.5.2 
 
Figure 5.3.5.2 Variation of length of two-phase flow with RH for different ambient 
temperature  
It shows that the length of two-phase flow decrease with the rise of relative humidity. It can 
be attributed to the fact that higher RH causes higher condensation heat transfer co-efficiency, 
leading to higher heat gain from ambient per unit tube length. 
For a specific value of RH, when ambient temperature increase, the length of two-phase flow 
decrease, as a result of the rise of total useful energy gain. 
The effect of RH on the collector performance is further analyzed in terms of total useful 
energy gain, as presented in Figure 5.3.5.3. It shows that the total useful energy gain increase 
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Figure 5.3.5.3 Variation of useful energy gain with RH for different ambient temperature. 
For a specific value of RH, when ambient temperature increase, the total useful energy gain 
increase, as presented in Figure 5.3.5.3. It can be attributed to the fact that higher ambient 
temperature results in a higher temperature difference between ambient and fluid leading to a 
higher useful energy gain from ambient. 
Useful energy gain from radiation and useful energy gain from ambient for different ambient 
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Figure 5.3.5.4 Variation of energy gain from radiation with RH for different ambient 
temperature. 
As seen from Figure 5.3.5.4, the energy gain from radiation, Qu_rad, is stable with the 
variation of RH. However, the energy gain from ambient, Qu_amb, increases gradualy when 
the RH increases, as shown in Figure 5.3.5.5. It indicated that the effect of RH on the total 
useful energy gain is mainly in the part of energy gain from ambient by influncing the 
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Figure 5.3.5.5 Variation of energy gain from ambient with RH for different ambient 
temperature. 
5.4 Parametric Study of Desalination 
Results of the parametric study are presented here. The study observes the parameters 
affecting the production rate. The parameters taken into account are the temperature of the 
feed water entering the distillation chamber, solar radiation, ambient temperature, operating 
frequency of the compressor, and the pressure within the distillation chamber. 
Figure 5.4.1 shows the effect of feed water temperature leaving the liquid collector on 
production rate, and the corresponding collector area. Variation of results is taken for solar 
radiation at 300 W/m
2
 and 600 W/m
2
. The ambient temperature is set at 29 °C, with the 
running frequency at 30 Hz. From the figure, it can be seen that increase of feed temperature 
has a positive effect on production rate. This is due to the fact at higher temperature, feed 
water will be able to produce more vapor in thermodynamic flashing. Consequently, at a 
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solar radiation and, thus increases the liquid collector area. From the figure, assuming a 
constant solar radiation value, it can also be seen that at higher solar radiation, as the source 
of heat, increases the production rate. At high solar radiation less collector area is needed to 
heat the feed water compared to a lower solar radiation value. 
 
Figure 5.4.1:  Effect of feed temperature to production rate and liquid collector area 
 
Effect of solar radiation on production rate and liquid collector efficiency is shown in Figure 
5.4.2. From the figure, it can be seen that at higher radiation value, and a constant collector 
area, the efficiency of the collector is reduced due to the larger difference of feed water 
temperature to that of the ambient, thus causing more heat loss. However, increase of solar 
radiation has a positive effect to production rate, as higher solar radiation causes feed water to 
release more heat in thermodynamic flashing. A change of ambient temperature does not have 
much effect to the collector’s efficiency and production rate. However, a drop in ambient 
temperature does give a negative effect on both parameters. A drop in temperature will 
increase the heat loss of the collector, causing it to lose its efficiency, and reducing the 
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amount of heat available for flashing. 
 
Figure 5.4.3:  Effects of solar radiation on production rate and liquid collector efficiency 
 
A further observation of the increase of ambient temperature is shown in Figure 5.4.4 
Keeping solar radiation at 600 W/m
2
, it can be seen that an increase of ambient temperature 
contributes to an increase of feed temperature and production rate. With a higher ambient 
temperature, the liquid solar collector loses less heat to the environment, thus providing a 
higher feed water temperature and producing more vapor in thermodynamic flashing. The 
effect of distillation chamber pressures to production rate is shown in Figure 5.29. With the 
compressor running frequency at 30 Hz, the increase of vacuum pressure inside the chamber 
will result in higher production rate. At a higher pressure, less latent heat is needed to 
evaporate saturated water thus contributing to the increase of production rate. 
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Figure 5.4.4:  Effect of ambient temperature to production rate and feed temperature 
 (I = 600 W/m
2
, chamber pressure at 0.14 bar) 
 
Figure 5.4.5:  Effect of chamber pressure to production rate 
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Figure 5.4.6 shows the effect of solar radiation on outlet temperature of evaporator collector 
and production rate. Increase of solar radiation has a desirable effect to the production rate 
and outlet temperature. At higher radiation values, the evaporator collector absorbs more 
energy, delivering more heat to evaporate saturated water in the chamber. The increase of 
collector temperature is thus followed by an increase of production rate. 
 
 
Figure 5.4.6:  Effect of solar radiation to evaporator outlet temperature and production rate 
 
Figure 5.4.7: Effect of compressor running frequency to production rate and electricity 
consumption 
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An increase of compressor running frequency corresponds to larger electricity consumption, 
as shown in Figure 5.4.7. With a constant solar radiation of 600 W/m
2
, the increase of 
frequency compresses the refrigerant into a higher energy state, resulting in an increase of 
production rate due to more heat being released in the chamber.  
5.5 Economic Analysis 
The principal reason for using solar energy in a thermal process, other than the environmental 
considerations, is to reduce the energy cost normally associated with the burning of fossil fuel 
to produce heat. Therefore, an economic optimization is needed to determine the feasibility of 
a solar thermal system in terms of its return on investment. 
Installations of solar thermal systems are usually marked with a high initial investment cost 
and a low operating and energy cost. The increase of a system’s energy demand is usually 
followed by an increase of the solar collector’s area. Thus the collector area is the most 
influential parameter in determining the return on investment (payback period) of the system. 
Results of economic optimization are presented in this section. Table 1 shows the economic 
parameters used in calculating the payback period. Further analyses of these parameters are 
also presented. The costs of solar energy and heat pump systems are influenced heavily by 
the collector cost per unit area and compressor cost. Thus, for the proposed solar heat pump 
desalination system the payback period is calculated with regard to the optimum collector 
area with a different compressor cost for various production rates. 
The discussed solar assisted heat pump desalination system, which has been constructed, is 
an experimental setup. Thus it produces a small amount of desalinated water. In order to 
make it economically feasible, it is necessary to scale up the system into a higher production 
capacity, one that is able to provide water for domestic needs, or to supply water in remote 
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areas. From Table 2, we can see that to supply the water requirement for a single family we 
need to produce at least more than 150 litres of water per day. With a production rate of 150 
l/day, the system will also be able to supply potable water to a remote elementary school of 
60 students.  
Table 5.5.1 Parameters used in economic Figures 
Life cycle of the system (n) 20 years 
Fuel cost (CF) S$0.06/MJ 
Fuel price escalation rate (e) 3% 
Discount rate (i) 7% 
Inflation rate (j) 1.4% 
Liquid collector cost S$420/m
2
 
Evaporator collector cost S$250/m
2
 
Condenser tank cost per collector area S$350/m
2
 
Maintenance and operation cost 10% of collector cost 
 
Table 5.5.2 Water requirement of commercial and institutional buildings [124] 
Type of Building Average water consumption per day 




                Motels: 
60 units 
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Office buildings 4 l/person 
Nursing homes 70 l/bed 








                Schools: 
Elementary 





A comparison of the production rates, 225 l/day, 450 l/day, and 900 l/day showed that at 
lower production rate, the payback period increases, as shown in Figure 5.5.1. At 225 l/day 
the payback period is close to 4 years, while at 450 and 900 l/day the optimum payback 
period close to 3.5 years. At 900 l/day, the operation and maintenance cost of the system is 
high, thus reducing the savings acquired from solar energy usage, causing a similar payback 
period to 450 l/day. At 225 l/day the optimum collector area is 20 m
2
, while for 450 and 900 
l/day it is 34 and 67 m
2
, respectively. For production of 450 l/ day, it is achieved with a 
compressor power input of 15 kW, and 30 kW for 900 l/ day. 
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30 kW with water collector
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As shown in Figure 5.5.2, installation of solar water collector to the system with a production 
rate of 900 l/day will increase its optimum payback period to more than 4 years. A system 
with the same production rate will have a lower payback period without utilizing the solar 
water collector. 
Further analysis for the production of  900 l/day is shown in Figure 5.5.3. It can be seen that a 
variation of inflation rate (j) and fuel escalation rate (e) does not have much effect on the 
payback period. The variation of discount rate (i) gives a more significant effect, but it is the 




Figure 5.5.3 Effect of discount rate (Production rate: 900 l/day) 
 
The increase of discount rate (i) will reduce the payback period, as shown in Figure 5.5.3. 
The discount rate shows the future value of the investment relative to the current value. Thus, 
a higher discount rate means a higher return value of investment in the future, which resulted 
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in a higher energy cost savings. Figure 5.5.3 showed that for a discount rate close to 0.1, the 
payback period of the system will be less than 3.5 years. 
The effect of inflation is shown in Figure 5.5.4. It can be seen that a little change in inflation 
will not have much effect in payback period either. For an inflation rate of around 1%, the 
payback period of the system is close to 3.5 years. The change in fuel escalation rate will also 
cause a little change in payback period, as shown in Figure 5.5.5. A 5% change of fuel 
escalation rate, from 3% to 8%, will slightly reduce the payback period to less than 3.5 years. 
 
 
Figure 5.5.4 Effect of inflation rate (Production rate: 900 l/day) 
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Figure 5.5.5 Effect of fuel escalation rate (Production rate: 900 l/day) 
 
 
Figure 5.5.6  Effect of fuel price (Production rate: 900 l/day) 
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The most influential economic parameter to the payback period is the fossil fuel price, as can 
be seen in Figure 5.5.6. A slight increase of the fuel price will reduce the payback period 
significantly. Thus if the oil price continues to increase in the future, solar energy will 
become a very competitive source of energy. At S$ 0.09/MJ (S$ 2.88/l), which is likely in the 
next few years, the payback period will be close to 2 years. This is an extremely attractive 
rate of return. 
5.6 Comparison with Other Literature  
The simulation program is validated with the experimental results from literature. As this 
system is unique, no literature experimental results were found fully indistinguishable with it. 
The developed model is modified and compared with the findings of  
1) Huang and Chyng [125] which represents an experimental study on integral-type 
solar-assisted heat pump water heater system 
2)  Hawlader et al. [47] which deals with a solar heat pump system providing water 
heating and drying. 
3) Joseph et al. [126]  which represents an experimental study on a single stage solar 
desalination system 
Figure 5.6.1shows the performance of an integral type solar assisted heat pump water heater 
[125] operating under the meteorological condition of Taiwan where radiation varied from 
400 to 4000 KJ/m
2
 and ambient temperature varies from 18˚C to 32˚C. Both the predicted 
and experimental temperatures are shown in the figure. As seen from the figure, the simulated 
and the experimented are closely fitted. In higher temperature, there is larger deviation which 
may be due to different properties of insulation material. 
 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 195 
 
 
 Figure 5.6.1: Comparison between simulated and experimental results [125] 
in the water tank with time 
 
Figure 5.6.2 Comparison between simulated and measured [47] grain temperature 
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Figure 5.6.2 and 5.6.3 present the performance of a solar heat pump system which provides 
water heating and drying [47]. The drying performance is observed in Figure 5.6.2 along with 
shows the comparison of simulated and experimental variation of grain temperature with 
respect to time. Figure 5.6.3 shows the predicted and experimental COP, when the drying 
temperature was 55˚C and for an air mass flow rate of 0.06 kg/s. A predicted COP of 7.0 and 
the corresponding experimental value of 6.45 are obtained under this condition. The speed of 
the compressor was 1800 RPM. 
 
 Figure 5.6.3 Comparison between predicted and experimental [47] COP 
   (Drying air temperature 55 C, Compressor speed 1800 rpm, Air flow-rate, 0.06 kg/s) 
 
Figure 5.6.4 shows the variation of solar irradiation, ambient temperature along with water 





. A maximum distillate yield of 8.5 l/d was obtained. Both the 
predicted and experimental temperatures are shown in the figure. As seen from the figure, the 
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Figure 5.6.3 Comparison between simulated and experimental [126] water production 
5.7 Photovoltaic System 
Photovoltaic units, mono crystalline cell, poly crystalline cell, and tandem cell were 
connected in grid-tie invertors to run a blower or pump in a heat pump system. They all have 
the same capability of peak Watt of 360 They are collectively providing electricity of three-
phase, that is each of the Photovoltaic unit are giving a single phase to blower or pump.  In 
this section, Photovoltaic performances are presented. 
5.7.1 Effect of metrological condition 
Figure 5.7.1 shows a figure of current supplied of the mono crystalline, poly crystalline and 
tandem cell, irradiance against time. However, Figure 5.7.2 shows a figure of voltage 
supplied of the mono crystalline, poly crystalline and tandem cell, irradiance against time. 
From the figures, the data is collected from 0845 to 1630 and the irradiance recorded is varies 




 on this randomly selected day. Besides that, from 
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poly crystalline cell are approximately the same. For, current supplied of mono crystalline 
cell and poly crystalline cell, both have higher value than the current supplied of tandem cell. 
However, the tandem cell has the highest value of voltage supplied among the three 
photovoltaic cells. The tandem cell has an average of about 82V voltage supplied while mono 
crystalline and poly crystalline both have only about 46V voltage supplied. In other words, 
mono crystalline cell and poly crystalline cell has only supplied about 56% of the voltage 
supplied of tandem cell. 
When the irradiance level of light is changing, the number of photons entering the 
photovoltaic device is changing too. Therefore, the number of electrons released as electricity 
changes. From Figures 5.7.1 and 5.7.2, noticed that changes in irradiance significantly affect 
output current, but have a much smaller effect on voltage. For mono crystalline, poly 
crystalline, and tandem cell, current supplied varies from 1.2A to 5.8A, 1A to 5.5 and 1.7A to 
3.9A. However, voltages supplied of these three photovoltaic cells only have small changes 
in the value and are maintained almost constant at approximately values of 46V, 46V and 82V 
respectively. This shows that the current is directly proportional to light intensity and the 
voltage varies more slowly in a logarithmic relationship. 
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 Figure 5.7.1: Generated current and irradiance with respect to time 
 
Figure 5.7.2: Voltage and irradiance with respect to time 
5.7.2 Photovoltaic power generation 
The power supplied by the photovoltaic cells and irradiance against time are shown in Figure 
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of capacity. Power is calculated using Joule’s law, Power = Voltage   Current 
From Figure 5.7.3, it may be observed that when the irradiance level of sunlight is increasing, 
all the power supplied by mono crystalline, poly crystalline and tandem cell also increase. 
Figure 5.7.3 also shows that the power supplied by mono crystalline cell is only slightly 
higher than that of the poly crystalline cell. In other words, the power supplied by the mono 
crystalline and poly crystalline cells is almost similar. However, tandem cell provide the most 
power among these three cells. From the result of this selected random day, the power 
supplied of mono crystalline, poly crystalline and tandem cell are about 259W, 254W and 
332W respectively when the irradiance reaches the highest value of the day, that is about 
760Wm
-2
. However, when the irradiance has the lowest value of about 450Wm
-2
 during the 
day, power supplied of mono crystalline, poly crystalline and tandem cell are only about 
54W, 45W and 150W.  
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5.7.3 Photovoltaic panel temperature 
The effect of temperatures on the surface of the three photovoltaic cells, irradiance against 
time is shown in Figure 5.7.4. From Figure 5.7.4, the surface temperature of each of these 
three photovoltaic cell increase as the value of the irradiance increasing. Among these three 
photovoltaic cells, mono crystalline cell has the highest surface temperature, followed by 
poly crystalline cell and then tandem cell. At the highest value of irradiance on that randomly 
chosen day, that is about 760Wm
-2
, the surface temperature of mono crystalline, poly 
crystalline and tandem cell are about 59°C, 58.4°C and 57.7°C respectively. In the other 
hand, the surface temperature has only reached 35.5°C, 35.1°C, 33.6°C respectively when the 
first data is recorded in the early morning where irradiance equal to about 450Wm
-2
. In others 
word, the surface temperature of mono crystalline, poly crystalline and tandem cells varies 
from 35.5°C, 35.1°C and 33.6°C to 59°C, 58.4°C and 57.7°C respectively where the 

















































Graph of Temperature, Irradiance against Time 
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5.7.4 Photovoltaic Efficiency 
Efficiency is defined as the power per irradiance per area.  
Efficiency, η =  
                 
                
 
Figure of efficiency of the three different types of photovoltaic cell, irradiance against time is 
shows in Figure 5.7.5. Again, as the value of irradiance increase, the efficiency of the three 
photovoltaic increase too.  
 
Figure 5.7.5: Figure of efficiency, irradiance against time 
Besides that, the efficiency of mono crystalline cell is observed that it is higher than the 
efficiency of poly crystalline cell all the time. When the irradiance is low, the efficiency of 
mono crystalline is only slightly higher than poly crystalline. However, mono crystalline has 

































































































































































































Graph of Efficiency, Irradiance against Time 
Mono Poly amorphous Radiation 
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Obviously, the efficiency of tandem cell is lower than mono crystalline and poly crystalline 
cell when the irradiance is high enough. But, when the radiation is low, that is approximately 
lower than 520Wm
-2
, the efficiency of tandem cell is exceed the efficiency of both mono 
crystalline and poly crystalline solar cell. This shows that tandem cell is more efficient in low 
light or cloudy conditions.  
5.7.5 Photovoltaic Power to Run the Blower  
 
Figure 5.7.6: Figure of power supplied by grid, irradiance against time 
Figure 5.7.6 shows the power supplied by grid, irradiance against time. From Figure 5.7.3, 
we understand that the irradiance increased, the power supplied of the three photovoltaic cells 
also increase. Besides that, we also know that power supplied of tandem cell has the highest 
value from Figure 5.7.3. Therefore, no doubt that power supplied from grid to tandem cell 
has the lowest value as seen in Figure 5.7.6. However, the difference between power supplied 
from grid to mono crystalline and to poly crystalline cell are very small due to the power 
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supplied by these two photovoltaic cells are almost the same as mentioned in Section 5.7.2. 
The average power supplied from grid to mono crystalline cell and poly crystalline cell are 
148.6W, 155.2W respectively. For tandem cell, the average power supplied from grid to it 
only 95.1W, which is 64% and 61.3% of the power supplied from grid of mono crystalline 
and poly crystalline cell respectively.  
 
Figure 5.7.7: Figure of total power against time 
Figure 5.7.7 shows the total power required to run the blower fan against time. Total power to 
run the blower fan is equal to the sum of the power supplied from photovoltaic cell and 
power supplied from grid to the photovoltaic cell. From Figure 5.7.7, the total power supplied 
of each of the three cells is almost the same as each others. Moreover, the total power 
supplied of each of the three cells is about to maintain constant. This means that a constant 
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run the blower fan in the system. The average total power from mono crystalline, poly 
crystalline and tandem cell is 320.5W, 321.3W and 322.6W respectively. As a result, the 
average power needed to run the blower fan in the system is the sum of these three average 
total powers from the photovoltaic cells, which is equal to 964.4W. 
5.7.6 Solar Fraction (SF) 
Solar Fraction is the ratio of the amount of solar energy absorbed by a system with the total 
energy required. In the present system for running blower , energy is coming from firstly 
solar and then the deficiency comes from the grid . 
 
Figure 5.7.8: Solar Fraction with time 
The solar fraction for a typical day is shown in Figure 5.7.8 and the solar fraction trend 
follows the radiation by all the three types of cells. From the figure , it was found that 
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0.85 and lastly Polycrystaline with the SF of maximum 0.7. From Figure 5.7.8 found that in 
the whole afternoon, the Amorphous SF is 1, which reflects it is providing some current to 
grid. 
5.7.7 Analyze Figure of Daily Gains in 30 random days 
The Figure 5.7.9 shows the daily gain or daily output of mono, amorphous and poly 
photovoltaic solar cell in 30 days.  From the graph, amorphous has the highest daily profit 
with an average value of 9.9kWhr.  And the average of daily profit for mono and poly is 
9.27kWhr and 9.63kWhr respectively. 
 



























































































































A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 207 
 
5.8 Design tool 
A helpful guide is to develop a design tool on the basis of system performance that will play 
as a guide for future considering and building integrated solar heat pump system.  There are 
many factors which need to be considered when designing a heat pump system [76]. These 
includes : 
1. the sizing of the heat pump in relation to the heat demand and operating characteristics of 
the pump 
2. auxiliary energy consumption (e.g. other circulation pumps) 
3. temperatures of the heat source and the heat distribution system 
For solar heat pump systems, the key parameter comes into play is correlating instantaneous 
solar energy with the system performance. For solar heat pump desalination system the prime 
performance indicators are PR (Performance Ratio) and COP (Coefficient of Performance). 
To have a better relationship between plotted values, a form of low pass filtering technique, 
data smoothing is applied.  
Various data smoothing techniques are found in literature as shown in Appendix I, of which 
two methods were explored. The first method is by dividing the range of values for the x-axis 
into equal segments, and then calculating the average of the values which fall into same 
segments. An alternative is the moving average, with a period of N = 4. For this period, the 
average of the first 4 data sets is set as the first point of the new data set, and so on. 
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Table 5.8.1: Correlation for PR and COP with respect to solar radiation 
 
Utilizing the data smoothing technique correlation graph for PR and COP with respect to 
radiation is developed shown in Figure 5.1.2.5 and Figure 5.1.8.2 as well as in Table  5.8.1. 
This technique helped in blocking out the higher frequency components or variations and 
emphasized the low frequency and longer trends. Appendix I shows the difference between 
smoothened and those that are not. 
In the Table 5.8.1 trend lines are plotted to predict patterns in the smoothed data. A 
polynomial line (of order 2) is found as to give better R
2
 (the goodness of fit) value compared 
to other types of trend lines such as linear or exponential. R
2
 values range from 0 to 1 and a 
higher R
2
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 - 0.0033 * S + 4.5678                                         ……. (4.8.2) 
  
Where, S = Solar Radiation (W/m2) 
Sample Design 
A cottage is assumed requiring fresh water, water heating and air-con  cooling of below 
configurations: 
Table: 5.8.2 Specification for cottage 
ITEM AMOUNT 
Fresh Water Production 250 litre/day 
Air-Con load 24000 BTU 
Hot Water demand  10 litre/hr 
Cold water Input Temperature 25 ˚C 
Output Hot Water Temperature 65 ˚C 
Meteorological Condition  800 W/m
2 
 & 30 ˚C 
Sunlight hour 12hr (7am ~ 7pm) 
  
Calculation: 
Water Production rate = 
   
   
 = 20.833kg/hr  
As the radiation is 800 W/m
2 
 from the correlation 5.8.1 and 5.8.2 
PR = -1x10-07 * S
2
 + 0.0002 * S + 1.0625                                           
     = -1x10-07 * (800)
2
 + 0.0002 * 800 + 1.0625      
     =  1.16 
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And heating COP 




 - 0.0033 * S + 4.5678    
         =  5.13 
  Cooling COP = (5.13 -1) = 4.13 
In the heat pump cycle, 
Air-Con load = 24000 BTU = 7.03 kW                                                   [1KW =3412BTU] 
  Compressor work = 
    
    
 = 1.70 kW 
and , Condenser heat release = ( 1.70 * 5.13) = 8.74 kW 
Now, Energy required for water heating    =              = (
  
    
) * 4.2 * (65-25) 
                                                                                               = 0.47 kW 
Thus, Waste heat or condenser heat available for desalination = (8.74-0.47) 











Energy required for desalination,       
           
         
    = 11.62kW 
Energy required for desalination = Waste Heat + Solar Heat 
   Solar Heat = (11.62 – 8.27) = 3.35 kW 
As the meteorological condition is similar to Singapore, the Solar Evaporator Collector 
efficiency can be considered as 86%. 
Therefore, Collector Area = 
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For different radiation and Air-con load the required collector areas are represented in the 
matrix 5.8.3. The contribution from the waste heat is presented in matrix 5.8.4. It can be seen 
both solar radiation and waste heat plays vital role in providing desalination heat. 
Table: 5.8.3 Collector Area (m
2
) required for different condition 
                  Air-con(BTU) 
Radiation(W) 
12000 18000 24000 
600 14.83 10.42 6.00 
800 11.22 8.04 4.87 
1000 9.14 6.71 4.27 
 
Table: 5.8.4 Contribution of Air-con Waste heat (in %) for different condition 
                  Air-con(BTU) 
Radiation(W) 
12000 18000 24000 
600 37.31% 55.97% 74.63% 
800 36.15% 54.23% 72.30% 
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CHAPTER 6    CONCLUSIONS 
A solar heat pump system for desalination has been designed and built and its performance 
evaluated under the meteorological conditions of Singapore. The system also provides hot 
water and drying. 
The performance of a two-phase unglazed solar evaporator-collector in a solar-assisted heat 
pump is investigated. It is found that the thermal performance of the two-phase unglazed 
solar evaporator- collector is affected significantly by refrigerant mass flow rate, solar 
irradiation, collector area, ambient temperature and relative humidity. For proper analysis of 
the collector a new efficiency equation was developed to incorporate the ambient energy 
effect. It was found the efficiency is around 90% for our system in the Metrological condition 
of Singapore.  
The solar assisted heat pump desalination system in this project uses a single stage MED 
(Multi Effect Desalination) technique. A liquid solar collector was added to the system to 
preheat the feed water before entering the distillation chamber. The chamber was in vacuum 
condition to enable the water evaporation in lower saturation temperature. 
Experimental results show maximum coefficient of performance (COP) of about 5.9. The 
energy absorption from evaporator collector and space cooling is 28% and 33%. Thus both 
are effective to collect renewable, the ‘free’ energy. This gives 14 kW heat in the condenser 
side for desalination, water heating and drying. The system is considered environment 
friendly, a stoppage for Global warming and a good potential for supporting basic human 
need, WATER. 
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The temperature of 500 liters of water in the water tank increased to a maximum of 60
o
C 
.During the initial period of the system running, the temperature of the drying air increases 
slowly. The drying air temperature increased at a faster rate once the water temperature 
approached stability. 
For air-conditioning, the room temperature was maintained at 25
0
C under the required 
cooling load of 3.2kW. This gave the additional heat along with solar and ambient energy to 
the system. Thus, the heat which is termed “Waste” heat and added to Global Warming is 
used back and turned “Gain” heat. 
In this project, there are three different types of photovoltaic solar cells were installed and 
connected in grid-tie invertors to run a blower or pump. The three different types of 
photovoltaic solar cells are mono crystalline cell, poly crystalline cell and tandem cell. 
Analyses of the performance of the photovoltaic solar cells under Singapore meteorological 
conditions showed that average efficiency of mono crystalline cell, poly crystalline cell and 
tandem cell are 10.4%, 9.5% and 8.8% respectively. Even though the tandem cell has the 
lowest average efficiency, tandem cell has the highest efficiency compared to mono and poly 
crystalline cell during low light or low radiation condition. 
The mathematical model of the system and a simulation program based on MatLab 
programming language has been developed for simulation purposes and performance analysis 
of the system. As the comparison of simulation results with experimental results showed good 
agreement with each other, it indicates that the simulation program would be a reliable agent 
for predicting the performance of the system under the given meteorological condition of the 
local region.  
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The mathematical model has been also developed for the evaluation of vapor quality, heat 
transfer coefficient, pressure drops and heat gained by the collector. Collector overall heat 
transfer coefficients of about 7.9 W/m
2
 K is estimated.  The averaged predicted and 
experimental total pressure drops were found to vary within  7.5 %. The comparison of 
vapor quality, heat transfer coefficient and useful heat gained with and without consideration 
of pressure drop effect is shown in Figure 5.2.5.4, the corresponding percentage errors based 
on the case without pressure drop consideration are observed within 0-2.5 %. 
The simulation program was also used for carrying out parametric studies on the system. The 
parametric study provides further analysis on the various factors that could affect the 
performances of the system. The parametric study shows that water production rates increases 
with solar radiation and feed water temperature. Meanwhile, feed water temperature also 
increases with higher solar radiation. However, higher solar radiation values result in lower 
efficiency of the evaporator collector and liquid solar collector. Higher solar radiation results 
in higher thermal energy gained by the working fluid, thus resulting in greater heat loss to the 
ambient surrounding. On the contrary, lower ambient temperatures will result in a slight drop 
in water production rate in the system. 
In conclusion, solar-assisted heat pump system has great potential in harnessing green energy 
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APPENDIX A 
COEFFICIENTS FOR METEOROLOGICAL DATA CORRELATION 
[103,104] 
Table A.1: Coefficients for global radiation 
 January February March April May June 
a0 1.3852E+01 2.6299E+01 3.3092E+01 2.1443E+01 7.5510E+00 7.7331E+00 
a1 7.0314E+00    1.2174E+01 1.5784E+01 1.0509E+01 4.2578E+00 4.1511E+00 
a2 1.1914E+00 2.0026E+00 2.7158E+00 1.8156E+00 7.4529E-01 6.9874E-01 
a3 -8.2390E-02    
02 
-1.4373E-01 -2.0881E-01 -1.3609E-01 -4.8948E-02 -4.3646E-02 
a4 2.3670E-03 4.6047E-03 7.3682E-03 4.5515E-03 1.1536E-03 9.1308E-04 
a5 -2.1696E-05 -5.3371E-05 -9.7579E-05 -5.5294E-05 -4.1629E-06 -2.9444E-07 
a6 0 0 0 0 0 0 






 July August September October November December 
a0 3.0444E+00 6.5799E+00 4.1808E+00 2.1140E+01 1.5550E+01 1.6765E+01 
a1 2.2007E+00    3.8205E+00 1.0118E+00 1.0285E+01 8.4480E+00 8.5231E+00 
a2 3.8907E-01 6.7395E-01 -1.6930E-01 1.7746E+00 1.5919E-00 1.4971E-00 
a3 -2.0571E-02    
02 
-4.4612E-02 2.7280E-02 -1.3330E-01 -1.3059E-01 -1.1229E-01 
a4 1.1928E-04 1.0996E-03 -1.8880E-03 4.4760E-03 4.8639E-03 3.7111E-03 
a5 9.6370E-06 -5.9049E-06 4.2432E-05 -5.4650E-05 -6.7828E-05 -4.3925E-05 
a6 0 0 0 0 0 0 
a7 0 0 0 0 0 0 
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 July August September October November December 
a0 2.4042E+01 2.4394E+01 2.3432E+01 2.3025E+01 2.2044E+01 2.2140E+01 
a1 2.2604E+00 1.8980E+00 2.9326E+00 3.2830E+00 3.7943E+00 3.0609E+00 
a2 1.1926E+00 1.0410E+00 1.5246E+00 1.7187E+00 1.9239E+00 1.4719E+00 
a3 2.4331E-01    
02 
2.1536E-01 3.0939E-01 3.5147E-01 3.9219E-01 2.8110E-01 
a4 -2.2713E-02 -2.0142E-02 -2.9049E-02 -3.3053E-02 -3.7528E-02 -2.4366E-05020203 
a5 1.0738E-03 9.4963E-04 1.3888E-03 1.5693E-03 1.8335E-03 1.0354E-03 
a6 -2.5248E-05 -2.2237E-05 -3.3109E-05 -3.6766E-05 -4.4554E-05 -2.0687E-05 





 January February March April May June 
a0 2.1997E+0
1 
2.2116E+01 2.1854E+01 2.2839E+01 2.4025E+01 2.4101E+01 
a1 2.9251E+0
0 
3.3512E+00 4.5780E+00 3.9481E+00 3.0807E+00 2.6325E+00 
a2 1.3906E+0
0 
1.5887E+00 2.2125E+00 1.9834E+00 1.5981E-00 1.3693E+00 
a3 2.5331E-01    
02 
2.9183E-01 4.2916E-01 3.9604E-01 3.2233E-01 2.7468E-01 
a4 -2.0076E-2 -2.3733E-02 -3.8818E-02 -3.6826E-02 -2.9894E-02 -2.5133E-02 
a5 7.3118E-04 9.1032E-04 1.7752E-03 1.7406E-03 1.3998E-03 1.1536E-03 
a6 -1.074E-05 -1.5089E-05 -3.9873E-05 -4.0791E-05 -3.2353E-05 -2.5952E-05 
a7 2.6628E-08 6.7946E-08 3.4842E-07 3.7698E-07 2.9372E-07 2.2726E-07 
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Table A.3:Coefficients for wind speed 
 January February March April May June 
a0 6.4200E-01 3.4260E-01 7.6160E-01 3.6310E-01 1.2420E-01 2.5360E-01 
a1 2.1310E+00    1.9350E+00 6.3980E-01 2.0580E-01 7.6520E-01 5.5610E-01 
a2 1.0430E+00 -9.2690E-01 -3.5330E-01 -2.4970E-02 -3.5410E-01 -2.0300E-01 
a3 2.1210E-01    
02 
1.8150E-01 6.7250E-02 -1.1840E-02 6.3830E-02 2.5350E-02 
a4 -2.0770E-02 -1.6830E-02 -5.3390E-03 3.6290E-03 -4.6080E-03 -7.2140E-06 
a5 1.0650E-03 8.0740E-04 1.9800E-04 -3.3290E-04 1.2580E-04 -1.5700E-04 
a6 -2.7780E-05 -1.9620E-05 -3.3140E-06 1.2540E-05 -1.3710E-07 8.5060E-06 





 July August September October November December 
a0 3.7050E-02 1.1140E-01 1.5620E-01 -8.6210E-02 3.9230E-01 8.2810E-01 
a1 1.3440E+00    1.2320E+00 8.6920E-01 9.7940E-01 1.0230E+00 1.6160E+00 
a2 -6.2220E-01 -6.1180E-01 -3.5210E-01 -3.6210E+00 -4.8510E-00 -8.4860E-00 
a3 1.1510E-01    
02 
1.2120E-01 5.4490E-02 4.8780E-02 9.0620E-02 1.7610E-01 
a4 -9.4970E-03 -1.0790E-02 -2.7730E-03 -1.5040E-03 -7.5450E-03 -1.6980E-02 
a5 3.7120E-04 4.7160E-04 -2.1080E-05 -1.1990E-04 2.9900E-04 8.3660E-04 
a6 -6.3380E-06 -9.8260E-06 5.1820E-06 8.5320E-06 -5.2520E-06 -2.0620E-05 
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Table A.4: Coefficients for relative humidity 
 January February March April May June 
a0 1.0316E+02 1.0464E+02 1.0761E+02 1.0530E+02 1.0336E+02 1.0011E+02 
a1 -01.36E+01 -1.5651E+01 -2.0552E+01 -1.6381E+01 -1.4574E+01 1.0429E+01 
a2 6.1679E+00 7.0807E+00 9.7357E+00 7.9934E+00 7.2127E+00 5.1918E+00 
a3 -1.096E+00    
02 
-1.2602E+00 -1.8689E+00 -1.5626E+00 -1.4185E+00 -9.9790E-01 
a4 8.5430E-02 9.9150E-02 1.6776E-01 1.4129E-01 1.2881E-01 8.5573E-02 
a5 -3.0879E-03 -3.6406E-03 -7.6497E-03 -6.4506E-03 -5.9265E-03 -3.5837E-03 
a6 4.6022E-05 5.5913E-05 1.7251E-04 1.4506E-04 1.3519E-04 7.0801E-05 






 July August September October November December 
a0 9.9035E+0
1 
9.8360E+01 1.0053E+02 1.0312E+02 1.0660E+02 1.0358E+02 
a1 -1.028E+01 -9.3676E+00 -1.0307E+01 -1.3353E+01 -1.5868E+01 -1.2355E+01 
a2 5.138E+00 4.7927E+00 5.2794E+00 6.6553E+00 7.6344E+00 5.7501E+00 
a3 -9.921E-01    
02 
-9.3977E-01 -1.0453E+00 -1.3046E+00 -1.5144E+00 -1.0691E+00 
a4 8.6755E-02 8.3184E-02 9.3268E-02 1.1609E-01 1.4137E-01 8.9331E-02 
a5 -3.789E-03 -3.6928E-03 -4.1606E-03 -5.1380E-03 -6.7245E-03 -3.5902E-03 
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APPENDIX B 
Schematic Diagram with fundamental energy balancing equations 
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APPENDIX C 
PROPERTY EQUATIONS OF REFRIGERANT (R 134a) [48] 




































T              
 
 Liquid enthalpy 
satsatsatL TTTh
332 106741.770650.129.1335000,200   
 
 Saturated vapor enthalpy 
satsatsatsatil TTTTh
3222 1082426.105644.105644.1163.606455,249   
048,149 ilv hh  
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23104265.017962.09742.2   
 Specific heat 
satsatsatp TTTC f
32 0016.00972.0018.66.1311   
satsatsatpf TTTC
126 82170.1510017321.200329657.0005257455.0    
 Viscosity 
satsatsatsatf TTTT
413310286 1051021031040003.0    
85.0 10)619.367.575(  satg T  
All the above relations are valid for -40 C CTsat  70  
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APPENDIX D 
CALIBRATION CHART AND EQUATIONS 
Thermocouple
 
                                   Figure D.1 Thermocouple calibration chart. 
 
Where    T is the temperature in Celsius and X  
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                    Figure D.2 Humidity transmitter calibration chart (Relative Humidity) 
Where    RH is the relative humidity (%) and X the voltage in V. 
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Where P is the pressure in bar and Y the voltage in V. 
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Figure D.5: Thermocouple position 
 
Pressure Measurement  
 
 Figure D.6 : Pressure transducer position 
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APPENDIX E 
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12:51 1.5 11.8 11.6 11.4 11.6 11.5 11.2 11.2 2.0 1.5 2.0 1.8 2.0 1.5 2.0 1.5 
13:06 1.6 11.5 11.3 11.1 11.4 11.3 11.1 11.0 2.1 1.7 1.9 1.9 2.0 1.6 2.0 1.6 
13:21 1.5 11.7 11.5 11.4 11.3 11.3 11.0 11.0 2.3 1.6 2.1 2.1 2.1 1.5 2.1 1.5 
13:36 1.6 11.6 11.3 11 11.2 11.0 10.9 11.0 2.0 1.5 1.9 1.9 2.0 1.7 2.0 1.7 
13:51 1.5 11.5 11.2 11 11.3 11.0 11.0 10.9 2.2 1.6 1.8 1.9 2.0 1.5 2.0 1.5 
14:06 1.5 11.7 11.4 11.1 11.3 11.2 11.1 11.0 2.1 1.5 2.1 2.2 2.1 1.7 2.1 1.7 
14:21 1.7 11.7 11.5 11 11.5 11.3 11.0 10.8 2.0 1.6 2.1 2.2 2.0 1.7 2.0 1.7 
14:36 1.6 11.7 11.6 11.2 11.5 11.3 11.1 11.1 1.9 1.7 2.1 2.0 2.0 1.5 2.0 1.5 
14:51 1.6 11.4 11.3 11 11.4 11.3 11.0 11.0 2.0 1.6 2.0 1.8 1.9 1.5 1.9 1.5 
15:06 1.5 11.6 11.4 11.1 11.4 11.2 11.0 10.8 2.0 1.5 2.0 1.9 2.0 1.5 2.0 1.5 
15:21 1.6 11.5 11.3 11.1 11.2 11.1 11.0 10.9 1.9 1.6 1.9 2.1 2.0 1.6 2.0 1.6 
15:36 1.6 11.4 11.3 11.1 11.3 11.1 11.1 11.0 2.0 1.7 2.1 2.1 1.9 1.7 1.9 1.7 
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12:51 30.0 90.0 90.0 56.6 90.0 42.1 44.7 28.0 8.0 10.0 12.0 15.0 20.0 35.0 20.4 34.0 
13:06 30.5 91.0 90.5 56.0 91.0 43.0 44.8 29.5 7.8 10.4 12.3 14.8 20.5 34.6 20.3 34.7 
13:21 31.0 92.5 90.3 57.0 91.3 43.2 45.5 29.2 8.1 10.1 11.8 15.2 20.7 35.4 20.0 35.2 
13:36 30.2 91.5 89.7 57.5 90.5 43.6 50.2 28.5 7.9 10.5 12.1 15.3 19.8 36.0 20.6 35.0 
13:51 30.9 91.8 91.0 56.7 91.6 43.5 51.7 27.8 8.3 10.2 11.8 15.5 20.0 36.5 19.8 35.5 
14:06 30.4 91.1 91.4 56.3 91.4 44.0 52.2 28.7 8.5 10.1 12.3 14.9 20.4 37.2 20.2 35.6 
14:21 30.1 90.8 90.4 55.0 92.0 43.8 44.5 29.0 7.9 9.9 12.0 15.3 19.8 37.0 20.4 36.0 
14:36 30.6 89.8 90.2 57.3 92.3 43.7 50.9 29.3 8.2 10.0 12.1 15.1 20.5 35.5 20.8 35.9 
14:51 30.3 90.2 90.8 55.9 92.7 44.0 46.7 28.9 8.4 9.9 11.8 14.7 20.2 34.6 21.0 35.6 
15:06 31.0 89.6 91.2 56.2 92.8 43.2 48.9 28.7 8.1 10.0 12.3 14.9 20.6 36.3 20.9 36.3 
15:21 30.5 90.2 91.3 57.3 93.0 42.4 57.2 28.6 8.3 10.2 11.8 15.2 20.4 35.8 21.0 36.0 




Table- E.4 Metrological Data 







) ºC % m/s 
12:51 700.26 29.2 75 4.3 
13:06 708.60 29.1 80 3.9 
13:21 710.30 28.9 86 3.7 
13:36 715.10 29.9 85 3.6 
13:51 706.20 30.1 80 4.2 
14:06 705.45 29.0 82 4.1 
14:21 702.65 29.9 79 3.8 
14:36 708.15 29.9 83 3.5 
14:51 704.64 30.5 80 4.1 
15:06 700.15 31.3 78 3.8 
15:21 695.45 31.7 76 3.7 
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Table- E.5 Compressor 
 
Bar hh:min ºC Bar ºC kJ/kg kJ/kg Qcomp 
P(comp)_in Time T(comp)_in P(comp)_out T(comp)_out h(comp)_in h(comp)_out kW 
1.5 12:51 30.0 11.8 90.0 427.85 470.38 3.19 
1.6 13:06 30.5 11.5 91.0 428.10 471.85 3.28 
1.5 13:21 31.0 11.7 92.5 428.72 473.18 3.33 
1.6 13:36 30.2 11.6 91.5 428.02 472.24 3.32 
1.5 13:51 30.9 11.5 91.8 428.64 472.69 3.30 
1.5 14:06 30.4 11.7 91.1 428.20 471.69 3.26 
1.7 14:21 30.1 11.7 90.8 427.55 471.37 3.29 
1.6 14:36 30.6 11.7 89.8 428.18 470.30 3.16 
1.6 14:51 30.3 11.4 90.2 427.92 471.13 3.24 
1.5 15:06 31.0 11.6 89.6 428.72 470.22 3.11 
1.6 15:21 30.5 11.5 90.2 428.10 471.00 3.22 







Table- E.6 Desalination heating coil 
 
 Bar ºC Bar ºC kJ/kg kJ/kg4 KW 
Time P(D.cool)_in T(D.cool)_in P(D.cool)_out T(D.cool)_out h(D.cool)_in h(D.cool)_out Q(D.cool) 
12:51 2.0 8.0 1.5 10.0 210.88 410.77 6.00 
13:06 2.1 7.8 1.7 10.4 210.60 413.12 6.08 
13:21 2.3 8.1 1.6 10.1 211.01 412.82 6.05 
13:36 2.0 7.9 1.5 10.5 210.74 412.96 6.07 
13:51 2.2 8.3 1.6 10.2 211.29 412.88 6.05 
14:06 2.1 8.5 1.5 10.1 211.56 412.70 6.03 
14:21 2.0 7.9 1.6 9.9 210.74 394.41 5.51 
14:36 1.9 8.2 1.7 10.0 211.15 410.28 5.97 
14:51 2.0 8.4 1.6 9.9 211.42 413.01 6.05 
15:06 2.0 8.1 1.5 10.0 211.02 410.77 5.99 
15:21 1.9 8.3 1.6 10.2 211.28 412.89 6.05 
15:36 2.0 8.1 1.7 10.4 211.02 413.12 6.06 
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Table - E.7 Desalination Cooling Coil 
hh:mi
n 















12:51 2.0 8.0 1.5 10.0 210.88 410.77 6.00 
13:06 2.1 7.8 1.7 10.4 210.60 413.12 6.08 
13:21 2.3 8.1 1.6 10.1 211.01 412.82 6.05 
13:36 2.0 7.9 1.5 10.5 210.74 412.96 6.07 
13:51 2.2 8.3 1.6 10.2 211.29 412.88 6.05 
14:06 2.1 8.5 1.5 10.1 211.56 412.70 6.03 
14:21 2.0 7.9 1.6 9.9 210.74 394.41 5.51 
14:36 1.9 8.2 1.7 10.0 211.15 410.28 5.97 
14:51 2.0 8.4 1.6 9.9 211.42 413.01 6.05 
15:06 2.0 8.1 1.5 10.0 211.02 410.77 5.99 
15:21 1.9 8.3 1.6 10.2 211.28 412.89 6.05 
15:36 2.0 8.1 1.7 10.4 211.02 413.12 6.06 
 
 
Table - E.8 Distilled water                                                Table - E.9 COP 
 
hh:min kg/hr kJ/kg kW 
 
hh:min     
Time m°Dist.wat 
h(Lat.heat 







12:51 8.00 2270 5.04 
 
12:51 5.69 4.72 
13:06 8.30 2270 5.23 
 
13:06 5.53 4.60 
13:21 8.20 2270 5.17 
 
13:21 5.43 4.53 
13:36 7.90 2270 4.98 
 
13:36 5.44 4.56 
13:51 8.20 2270 5.17 
 
13:51 5.57 4.58 
14:06 8.50 2270 5.36 
 
14:06 5.62 4.62 
14:21 8.00 2270 5.04 
 
14:21 5.57 4.44 
14:36 7.90 2270 4.98 
 
14:36 5.75 4.75 
14:51 8.50 2270 5.36 
 
14:51 5.64 4.66 
15:06 8.60 2270 5.42 
 
15:06 5.90 4.83 
15:21 8.40 2270 5.30 
 
15:21 5.74 4.70 
15:36 8.30 2270 5.23 
 
15:36 5.62 4.63 
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Table - E.10 Water Condenser  
hh:min Bar ºC Bar ºC kJ/kg kJ/kg kW 
Time P(w.con.)_in T(w.con.)_in P(w.con)_out T(w.con)_out h(w.con.)_in h(w.con.)_out Qw 
cond_ref 
12:51 11.6 90.0 11.5 42.1 470.65 259.55 8.44 
13:06 11.4 91.0 11.3 43.0 471.98 260.90 8.44 
13:21 11.3 91.3 11.3 43.2 472.43 261.20 8.44 
13:36 11.2 90.5 11.0 43.6 471.72 261.98 8.38 
13:51 11.3 91.6 11.0 43.5 472.76 261.65 8.44 
14:06 11.3 91.4 11.2 44.0 472.53 262.40 8.40 
14:21 11.5 92.0 11.3 43.8 472.91 262.10 8.43 
14:36 11.5 92.3 11.3 43.7 473.23 261.95 8.45 
14:51 11.4 92.7 11.3 44.0 473.78 262.40 8.45 
15:06 11.4 92.8 11.2 43.2 473.89 261.20 8.50 
15:21 11.2 93.0 11.1 42.4 474.36 260.00 8.57 






Table- E.11 Water Condenser (Water heating) 
hh:min ºC ºC ºC ºC ºC ºC kW kW kW 
Time T(w.con.)_in T(w.con.)_out ΔT 
water 
Twater_average ΔT_average_tank  Tamb Q wat in 
the tank 
Qwat_out Q Total 
12:51 26.8 51.2 24.4 39.0 0.130 29.2 0.20 7.65 7.85 
13:06 27.5 52.1 24.6 39.8 0.133 29.1 0.20 7.71 7.91 
13:21 27.3 50.6 23.3 39.0 0.130 28.9 0.20 7.30 7.50 
13:36 26.7 50.7 24.0 38.7 0.129 29.9 0.19 7.52 7.72 
13:51 26.3 50.4 24.1 38.4 0.128 30.1 0.19 7.56 7.75 
14:06 26.4 50.1 23.7 38.3 0.128 29.0 0.19 7.43 7.62 
14:21 26.7 50.0 23.3 38.4 0.128 29.9 0.19 7.30 7.50 
14:36 26.4 50.7 24.3 38.6 0.129 29.9 0.19 7.62 7.81 
14:51 26.2 50.5 24.3 38.4 0.128 30.5 0.19 7.62 7.81 
15:06 27.4 52.9 25.5 40.2 0.134 31.3 0.20 7.99 8.20 
15:21 30.0 52.8 22.8 41.4 0.138 31.7 0.21 7.15 7.36 
15:36 29.7 54.0 24.3 41.9 0.140 31.3 0.21 7.62 7.83 
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Table - E.12 Air Condenser   
 
hh:min Bar ºC Bar ºC kJ/kg kJ/kg kW 
Time P(Dryer)_in T(Dryer)_in P(Dryer)_out T(Dryer)_out h(Dryer)_in h(Dryer)_out QA_cond 
12:51 11.2 55.5 11.2 28.0 280.30 238.87 3.11 
13:06 11.1 56.0 11.0 29.5 281.56 240.98 3.04 
13:21 11.0 56.2 11.0 29.2 281.42 240.54 3.07 
13:36 10.9 55.8 11.0 28.5 280.78 239.54 3.09 
13:51 11.0 57.0 10.9 27.8 282.70 238.53 3.31 
14:06 11.1 57.2 11.0 28.7 283.02 239.82 3.24 
14:21 11.0 56.9 10.8 29.0 282.54 240.26 3.17 
14:36 11.1 57.0 11.1 29.3 282.70 240.69 3.15 
14:51 11.0 56.5 11.0 28.9 281.90 240.11 3.13 
15:06 11.0 56.7 10.8 28.7 282.22 239.82 3.18 
15:21 11.0 57.3 10.9 28.6 283.18 239.68 3.26 
15:36 11.1 57.0 11.0 29.4 282.70 240.83 3.14 
 
Table- E.13 Evaporator collector -1 
 

























12:51 2.0 20.0 1.5 35.0 227.50 432.24 2.25 
13:06 2.0 20.5 1.6 34.6 228.20 431.71 2.24 
13:21 2.1 20.7 1.5 35.4 228.48 432.59 2.25 
13:36 2.0 19.8 1.7 36.0 227.22 432.76 2.26 
13:51 2.0 20.0 1.5 36.5 227.50 433.56 2.27 
14:06 2.1 20.4 1.7 37.2 228.06 433.82 2.26 
14:21 2.0 19.8 1.7 37.0 227.22 433.64 2.27 
14:36 2.0 20.5 1.5 35.5 228.20 432.68 2.25 
14:51 1.9 20.2 1.5 34.6 227.78 431.89 2.25 
15:06 2.0 20.6 1.5 36.3 228.34 433.38 2.26 
15:21 2.0 20.4 1.6 35.8 228.06 432.76 2.25 
15:36 1.9 20.1 1.7 35.2 227.64 432.05 2.25 
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Table - E.14 Evaporator collector -2 

























12:51 1.9 20.4 1.6 34.0 228.06 431.18 2.23 
13:06 1.8 20.3 1.6 34.7 227.92 431.79 2.24 
13:21 2.0 20.0 1.5 35.2 227.50 432.41 2.25 
13:36 1.9 20.6 1.6 35.0 228.34 432.06 2.24 
13:51 1.9 19.8 1.5 35.5 227.22 432.50 2.26 
14:06 2.0 20.2 1.7 35.6 227.78 432.41 2.25 
14:21 2.0 20.4 1.5 36.0 228.06 433.12 2.26 
14:36 1.8 20.8 1.7 35.9 228.62 432.68 2.24 
14:51 1.8 21.0 1.6 35.6 228.90 432.59 2.24 
15:06 1.9 20.9 1.5 36.3 228.76 433.38 2.25 
15:21 1.9 21.0 1.6 36.0 228.90 432.94 2.24 




Table - E.15 Room Evaporator 
hh:min Bar ºC Bar ºC kJ/kg kJ/kg4 kW 




h r.evap_in  h 
r.evap_out  
Qr_evap 
12:51 2.0 12.0 1.8 15.0 216.36 415.78 4.59 
13:06 1.9 12.3 1.9 14.8 216.77 415.63 4.57 
13:21 2.1 11.8 2.1 15.2 216.08 415.74 4.59 
13:36 1.9 12.1 1.9 15.3 216.49 415.89 4.59 
13:51 1.8 11.8 1.9 15.5 216.08 416.00 4.60 
14:06 2.1 12.3 2.2 14.9 216.77 415.60 4.57 
14:21 2.1 12.0 2.2 15.3 216.36 415.73 4.59 
14:36 2.1 12.1 2.0 15.1 216.49 415.74 4.58 
14:51 2.0 11.8 1.8 14.7 216.08 415.44 4.59 
15:06 2.0 12.3 1.9 14.9 216.77 415.69 4.58 
15:21 1.9 11.8 2.1 15.2 216.08 415.74 4.59 
15:36 2.1 12.0 2.1 14.8 216.36 415.56 4.58 
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Table- E.16 Total cooling 
hh:min kW kW kW kW kW 
Time Q (D.cool.coil) Q 1 collector Q 2 collector Qr_evap QTotal_cooling 
12:51 6.00 2.25 2.23 4.59 15.07 
13:06 6.08 2.24 2.24 4.57 15.13 
13:21 6.05 2.25 2.25 4.59 15.15 
13:36 6.07 2.26 2.24 4.59 15.15 
13:51 6.05 2.27 2.26 4.60 15.17 
14:06 6.03 2.26 2.25 4.57 15.12 
14:21 5.51 2.27 2.26 4.59 14.62 
14:36 5.97 2.25 2.24 4.58 15.05 
14:51 6.05 2.25 2.24 4.59 15.12 
15:06 5.99 2.26 2.25 4.58 15.07 
15:21 6.05 2.25 2.24 4.59 15.14 
15:36 6.06 2.25 2.25 4.58 15.14 
 
 
Table - E.17 Total Heating 
 
 
 kW kW kW kW 
Time Q (D.heat.coil) Q w cond_ref Q A_cond QTotal_heating 
12:51:00 7.00 8.44 3.11 18.55 
12:56:00 7.09 8.44 3.04 18.57 
13:01:00 7.06 8.45 3.07 18.58 
13:06:00 7.08 8.39 3.09 18.56 
13:11:00 7.06 8.44 3.31 18.81 
13:16:00 7.04 8.41 3.24 18.69 
13:21:00 6.43 8.43 3.17 18.03 
13:26:00 6.97 8.45 3.15 18.57 
13:31:00 7.06 8.46 3.13 18.65 
13:36:00 6.99 8.51 3.18 18.68 
13:41:00 7.06 8.57 3.26 18.89 
13:46:00 7.07 8.54 3.14 18.76 
 
 
A SOLAR ASSISTED HEAT PUMP FOR DESALINATION 
 
 Page 250 
 
Table- E.18 Collector Energy Absorption 
 
hh:min kW kW Q_col  
=Q_radiation+Q_ambient  
  
Time Q_radiation Q_ambient %Q_radiation %Q_ambient 
12:51 2.80 1.96 62.43 43.65 
13:06 2.83 1.95 63.25 43.49 
13:21 2.84 1.92 63.15 42.67 
13:36 2.86 1.98 63.54 43.93 
13:51 2.82 1.90 62.43 42.01 
14:06 2.82 1.94 62.51 42.96 
14:21 2.81 1.96 62.10 43.27 
14:36 2.83 2.00 63.03 44.43 
14:51 2.82 2.02 62.83 44.94 
15:06 2.80 2.01 62.15 44.52 
15:21 2.78 2.02 61.87 44.84 




Table- E.19  Energy absorption (Cooling) 
 
hh:min         





12:51 14.94 14.83 39.79 30.44 
13:06 14.80 14.82 40.15 30.23 
13:21 14.82 14.88 39.97 30.32 
13:36 14.92 14.79 40.03 30.26 
13:51 14.94 14.88 39.86 30.31 
14:06 14.97 14.89 39.90 30.24 
14:21 15.53 15.43 37.68 31.36 
14:36 14.94 14.91 39.69 30.45 
14:51 14.85 14.82 40.00 30.33 
15:06 14.96 14.93 39.75 30.35 
15:21 14.88 14.83 39.96 30.34 
15:36 14.85 14.86 40.04 30.25 
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APPENDIX  F  
Experimental Data of the Graphs of the SAHP system 
 
Figure.F.1. Refrigerant Temperature of Air Condenser Vs Time 
 
 












































Pressure_A_cond vs Time 
P_in 
P_out 
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Figure. F.3. Refrigerant Temperature of Compressor, Ambient Temp and Radiation Vs       
           Time.   
  






























































Pressure_comp vs Time 
P_out 
P_in 
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Figure. F.5. Refrigerant Temperature of Collector, Ambient Temp and Radiation Vs Time: 
 
 






































































Pressure_Solar_collector vs Time 
P_in 
P_out 
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Figure. F.7. Refrigerant Temperature of Water condenser, Temp of water and Ambient Temp 
Vs Time: 
 


















































Pressure_water_cond vs Time 
P_in 
P_out 
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Figure. F.9. Temperature of Dryer and Ambient Temp Vs Time: 
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Pressure_ac_room vs Time 
P_in 
P_out 
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APPENDIX G 
Numerical solution of PDE using Crank-Nicholson method 
The governing equations of the energy balance on the evaporator collector subject to an 
initial condition and four boundary conditions are given in the previous chapter. This is to be 
solved numerically using Crank-Nicholson method.  
 
1. Finite difference approximation for PDE for the interior area of collector. 





cq T T T








Figure G.1 Graphical form of Crank Nicholson method 
Crank-Nicholson method is to consider partial differential equation (PDE) as being satisfied 
at the midpoint of j and j+1 as shown in Figure G.1. Using Crank-Nicholson method, the 
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Where, we define: 
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Rearrangement of this equation gives 
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Equation [3] is the finite difference approximation of the governing equation [1] 
2. Finite difference approximation for boundary conditions 
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 [4] 
Using Crank-Nicholson method, the following terms are expressed as: 
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Substituting these terms into equation [4], gives 
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The partial differential equation [1] can be written as: 
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Use Crank-Nicholson method to write it in finite difference approximation form: 
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Substituting these terms into equation[9], gives 
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APPENDIX H 
List of devices 
1. Solar Evaporator-Collector        2 Unit 
a. Area 2m
2 
(2 X 1 ) 
b. Absorber plate 2mm thick copper plate(copper tube is bonded to 
the absorbing plate in a serpentine fashion) 
c. Surface treatment Black paint coating. Absorptivity: 90%, Emissivity: 
90% 
d. Back insulation Made of fiberglass wool of thickness 50mm 
e. Collector tilt 10 degrees 





Total 6  
1st  collector 4  
2
nd
 collector 2 
2. Evaporator (forced draft with two fans)  
a. Type Cross flow fin and tube 
b. Total air flow rate 9.9 m
3
/min 
c. Mounted 2 story below 
3. Compressor with inverter control 
a. Type Reciprocating Open type  
b. Cooling capacity 34 kW 
c. Motor output 7.5 kW 
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d. Bore 105 mm 
e. Stroke 75 mm 
f. Cylinder 2 
g. Motor speed 315 – 565 rpm 
4. Water cooled condenser (water tank) 
a. Size 300 liters (dimensions: 0.6m x 0.6m x 0.83m) 
b. Condenser coil Spiral shape copper tube 
c. Insulation Made of FRP fiberglass of thickness 50mm 
d. Thermocouple insert One thermocouple in the middle to measure water 
temperature 
5. Air cool condenser  
a. Type Air cooled fin (Aluminum) and tube (Copper) 
b. Face area 22.65m
2
 
c. Tube diameter 3/8 inch 
6. Drying Chamber 
a. Dimension 0.6m x 0.6m x 0.4m 
b. Material Stainless steel 
c. Insulation Internally insulated with Armaflex 
7. Blower 
a. Type Axial flow fan 
b. Air flow rate 6200 m
3
/hour 
c. Motor speed 1440RPM(maximum) 
d. Static pressure 200Pa 
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e. Electric Power 0.75kW 
f. Starting Amp 6.5 
g. Supply 415V  / 3Φ / 50 Hz 
h. FLC  1.84 
8. Expansion Valves (3 unit) 
a. Type Thermostatic expansion valve 
b. Capacity 6.7kW & 10.5kW 
9. High/Low Pressure Cut-off (safety device) 
a. High pressure limits 10-20 bar 
b. Low pressure limits 0-5 bar 
10. Frequency Inverter  
a. Capacity 11 kW 
b. Frequency range 0-50Hz, 3 phase 
11. Liquid solar collector 
a. Dimensions 1000x1980x80 mm 
b. Tube material copper 
c. Plate material aluminum 
d. Tube outer diameter / 
thickness 
12.7 mm / 0.7 mm 
e. No. of headers 2 
f. No.of risers 7 
g. Tube spacing 130 mm 
h. Insulation material Insulwool 
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e. Portable frame 
material 
Stainless steel 
13. Desalination Chamber(vacuum standard) 
a. Volume 25.5 liters 
b. Outer diameter 255 mm 
c. Height 500 mm 
d. Chamber material Stainless steel 316 with glass window 
e. Coil material copper 
f. Length of cooling coil 3.5 m 
g. Length of condenser 
coil 
2 m 
h. Tube outer diameter / 
thickness 
9.5 mm / 1 mm 
i. Portable frame 
material 
Stainless steel 
j. Insulation Internally insulated with Armaflex 
14. Vacuum pump(for desalination chamber) 
15. Saline Water Pre-heater (Max. Temperature : 80°C ) with controller 
16.  PV unit (1 kW) to run blower and pump 
a. PV cell of three types 
b. PV panel with a portable frame made of Stainless steel 
c. Battery 
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d. DC- to – AC convertor 
18. Water pump (Stainless steel) to circulate saline water 
19. Filter & Accumulator  
20. Refrigerant R-134a 
21. Copper piping with insulation 
22.  Bypass :  
a) Solar evaporator collector (Item 1) 
b) Room evaporator (Item 2) 
c) Water condenser(Item 4) 
d) Air cool condenser (Item 5) 
e) Desalination chamber cooling coil (Item 13) 
f) Desalination chamber heating coil (Item 13) 
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APPENDIX I  
I.1: Difference before and after data smoothing 
  
Figure I.1: Before data smoothing, PR vs solar irradiation  
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I.2: Techniques for data smoothing [127] 
Data smoothing techniques attempt to forecast trends or patterns through the removal of 
“noise”. The basic assumption is that the underlying process producing the data is smooth. 
Below are some of the available smoothing methods.  
1. Random  
This method is best when each period's data has no relationship to the pattern in the previous 
data. Under this condition, the best prediction for the next value in a series is simply the 
average of all previous data points.  
 
 
2. Random Walk  
A random walk exists if the next data point is equal to the last data point plus some random 
deviation α. Instead of trying to directly predict the next data point, the change from one data 
to the other is predicted.  
 + α 
 
3. Moving Average  
This is one of the simplest but also most versatile and widely used of all techniques. One 
disadvantage is that it will lag slightly behind the real trend because it is influenced by prior 
as well as present data. The moving average follows a recursive formula:       
  
where:  
 N is the number of prior periods to include in the moving average  
 Aj is the actual value at time j  
 Fj is the forecasted value at time j 
n is a user-supplied constant greater than zero defining the number of consecutive points to 
average. Higher values cause greater smoothing.  
Double Moving Average is done by applying the Moving Average twice, which smoothes the 
already smoothed series. 
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4. Simple Exponential Smoothing  
This method works well if the data contains no trend or cyclic pattern and the most recent 
data points are more significant than earlier points.  
 
a is the smoothing constant.  
 
5. Linear Exponential Smoothing (Holt's method)  
This method works well if the data contains a trend but no cyclic pattern.  
 
a is the level smoothing constant and b is the trend smoothing constant, where 0<a,b<1 
 
6. Seasonal Exponential Smoothing (Winter's method)  
This method works well if the data contains a trend and a cyclic pattern.  
 
a is the level smoothing constant, b is the trend smoothing constant, c is the seasonal 
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Figure J.1: Graph of current, power against voltage    Figure J.2: Graph of normallized ISC, VOC, PM 
   for mono crystalline cell  against module temperature for 
  mono crytalline cell 
  
 
        
FigureJ.3: Graph of ISC, VOC, against irradiance          
     characteristic for mono crystalline  




     Figure J.4: Mono crystalline cell 
APPENDIX J 
PHOTOVOLTAIC CELLS  
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Figure J.7: Graph of normalized ISC, VOC, Pm    




Figure J.8: Poly crystalline cell 
 
       
Figure J.5: Graph of current, power against        FigureJ.6: Graph of irradiance dependence of  
    voltage for poly crystalline cell                                         ISC, VOC, PM for poly crystalline   
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Figure J.9: Graph of current, power against   Figure J.10: Temperature dependence of ISC, VOC,  
  incident radiation for tandem cell        PM for tandem cell 
 


















Water Condenser Model 
 
Figure J.11: Tandem cell 
